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Time-resolved optical pump-terahertZHz) probe experiments are currently used to obtain
information about the ultrafast dynamics of photoexcited carriers in semiconductors and about the
far-infrared nonlinear response during solvation in liquids. The THz dynamics in such photoexcited
systems is fully characterized by a two-dimensional nonlinear susceptibility. We have developed a
frequency-domain analytical method for the direct extraction of this susceptibility from the
experimental data. Following effects are taken into account: dispersive propagation of radiation in
a photoexcited medium, refraction on its surfaces, THz sensor responsivity, and spatio-temporal
transformations of the THz pulses. Strategies for possible experiments are discuss2d02©
American Institute of Physics[DOI: 10.1063/1.1512648

I. INTRODUCTION mainly to the time-dependent free-carrier concentration and
2D temporal scans can be performed with sufficient sensitiv-
Recent technological developments have made it posty because adequate photocarrier concentrations can be eas-
sible to optimize methods of emission and detection of ulily generated by a high-intensity pump pufselowever, it
trashort THz pulses and thus to obtain an experimental dystill remains a challenge to study the photochemical pro-
namic range of the order of up to about 80 dB for thecesses, namely, solvation dynamics and photo-induced envi-
transmission measurements of steady equilibrium statesronmental relaxatioh® *°because here the optically induced
This increased performance of THz experiments along wittthanges are very small.
the possibility of a coherent phase-sensitive detection en- In the OPTP experiments, the THz pulse directly probes
ables this technique to supplement and, in many cases, {sicosecond or subpicosecond dynamics, i.e., the nonequilib-
improve information obtained by classical far-infrared spec+ium temporal evolution of the studied system involves fre-
troscopy. The THz spectroscopy is based on analysis of guency components falling intéor overlapping with the
recorded temporal profile of the electric field of a broadbandrHz range. This may produce a frequency mixing which can
THz pulse transmitted through the investigated sample antad to interesting changes in the THz waveform. This re-
yields its complex transmission spectrum in the submillime-quires an appropriate and a very careful analysis of the ex-
ter spectral rangéypically 2—80 cmi*). The technique in- perimental data in order to avoid artifacfs.
volves optically gated emission and detection of the THz  Recently, an analytical theory was developed to describe
pulses, and consequently, it is well suited for time-resolvedhe time-dependent response function for OPTP
transmission experiments of nonequilibrium statesh sub-  experiment£.An appropriate methodology of the experiment
picosecond resolutionfor which the classical spectroscopic was proposed, one of its major points being a proper defini-
techniques cannot be used. This feature has lead to the dgon of the times involved in the experimental scans. This
velopment of the optical pump-THz prod®PTP experi-  theory describes a weak secondary THz waveform related to
ments in which the broadband THz pulses are used to prob#e nonequilibrium part of the dielectric susceptibilifyy
far-infrared changes of the susceptibility spectrum initiatedand allows extraction afy from the experiment without any
by an optical excitation event. Unlike the usual opticala priori model of nonequilibrium behavior. However, this
pump-optical probe experiments, the OPTP technique allowgheory does not take into account the contribution of the
observation of the evolution of the entire THz probe wave-interfaces between the nonequilibrium medium and the sur-
form as a function of the negative delay of the optical pumprounding space; this contribution becomes significant for
pulse? Thus, as long as the optically induced changes in thgamples which are thin or which absorb strongly in the op-
far-infrared spectrum are sufficiently strong, two- tical or THz range. On the other hand, this theory can fail
dimensional2D) temporal scans can be carried out in orderalso for thick samples since it implicitly assumes a perfect
to provide complete information about the system dynamicsvelocity matching of the pump and probe pulse. Also, it does
A number of papers have been devoted to the study ofiot take into account waveform transformations due to the
photocarrier  dynamics in  semiconductb’S and  free-space propagation nor the detection process and thus it
superconductoté by the OPTP technique. In these previouscannot be used directly to interpret the experimental data.
experiments, the free carrier absorption represents the prin-  An alternative way of the OPTP data treatment uses the
cipal interaction of the THz radiation with the sample. There-numerical method of finite-difference time-domaiRDTD)
fore the transmitted intensity of the THz probe is sensitivecalculation$''° which simulates the propagation of the THz
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pulse through the nonequilibrium medium with a known di- excitation sampling)

electric response. The advantage of this method is that it car Emitter ~ Pulse Sample PIESC |

take into account all nonequilibrium effects; in particular it ___ B IP ¢ Sensory
can model situations when the modifications of the THz field \ 0 \
are strong and cannot be described using a perturbative ap EE . Byt AE: JEP
proach. On the other hand, the FDTD method was not de- A P Y T{,;
signed for the solution of the inverse problem, i.e., the ex- . v 4
traction of Ay is not straightforward. It requires an priori W

explicit model for nonequilibrium behavior, the parameters
of which are to be adjusted using FDTD calculations.

The authors of both of the above theories work in the
time domain and conclude that it is not possible to use Fou-

rier transform(FT) methods for the description of OPTP ex- (1) A distortion of the THz waveform due to the propagation
periments: the principal dlfflCUlty arises from the fact that the through dispersive media, e.g., a Samp]e for transmission
properties of the studied photoexcited medium change measurement$?® or water vapor present in the
quickly compared to the frequency of the probing radiation.  atmospheré?

On the other hand, FT methods are an excellent tool widely2) A substantial reshaping of the THz pulse owing to the

FIG. 1. Propagation of a THz pulse from the emitter to the detector; sche-
matic definitions of instrumental functions.

used for the interpretation of steady-state THz transmission
experiments;*®*’they avoid a large number of experimental
errors that arise if the time-domain approach is applszk

free-space propagation of a spatially limited broadband
beam?? and due to the focusing optics and its finite
aperturé?>%*

Sec. I). Thus, taking into account the experimental difficulty (3) A detection process itself. It should include the charac-
of the OPTP experiments, it would be very convenient to  teristics of the optical sampling pulse and, e.g., in the
have a methodology that would enable applying FT formal-  case of electro-optic sampling, the dispersion properties
ism at least partially. The aim of this paper is to propose such  of the Pockels crystal both in optical and in THz spectral
a formalism and to discuss its application. Using 2D FT we  range?>26

have developed an analytical model which handles to the

first order all nonequilibrium effects, including the refraction All these points should be taken into account for the THz
on the surfaces of a photoexcited medium, dispersion, THzémission experiments,where the exact shape of the emitted
optical velocity mismatch and pump intensity extinction. Wewaveform has to be recovered from the measured one. It
have obtained an explicit formula for the nonequilibrium partshould be emphasized that reshaping due to propagation is a
of the susceptibility which can be applied to free-carrier dy-significant effect which can be hardly accounted for precisely
namics in semiconductors as well as to solvation dynamics iy calculation, except when no focusing optics is used.
liquids. The best strategies for the experiment can be then The usual THz transmission experiments use the FT to
proposed. The paper is structured as follows: in Sec. Il wesliminate an unknown response function and emitted wave-
will compare the FT approach to that of the time-domain; inform EE(t) through the convolution theorem. The spectro-
Sec. Il we will develop the FT formalism applicable to the scopic method consists in a measurement of a reference
OPTP experiments; Sec. IV is then devoted to the solution ofvaveform E,(t) with an empty diaphragm and a signal
the electromagnetic propagation in a photoexcited mediumyaveformE¢(t) with the sample attached to the diaphragm
and finally, in Sec. V we will discuss how to perform the and filling the whole aperture. Let the response functions
experiment and how to deal with the data within these ap(t), ¢1(t), and,(t) describe the evolution of the wave-
proaches. form before the sampley(,), its evolution after the sample
(1), and the detector responsg,| (see Fig. L Let T(t)
describe the transmission through the sample of a thickness
d, andT(t) = 8(t—d/c) (Dirac &function) be the transmis-
sion through the air slab of an equal thicknésmpty dia-

phragm. One can then write in the Fourier space,
The THz photoconductiVé or electro-optit® sampling b .
is a phase-sensitive detection method which makes it pos- =s(®) _ ¥2(@)-¢1(@)-Ty(@)- ¢o(w)-E*(w)
sible to measure and evaluate the THz electric field as @ EP(w) ¢o()- () To() - ol w) - EF(w)
function of time. Strictly speaking, EF(t) is the true near-
field THz waveform emitted by an emittésee Fig. 1, then,
within the linear electromagnetic theory, the experimental

I. COMPARISON OF THE TIME-DOMAIN
AND FREQUENCY-DOMAIN METHODS

. Ts(w)
~ To(w)’

signal E°(t) delivered by the sensor is equal to: The unknown response functions are thus eliminated and the
EP(t)=EE(t)* y(t), (1) measured signal is relatgd only to the properties (_)f the
sample. We now emphasize that the sample properties are
where the asterisk represents a convolution. The responsdtained only within a well defined frequency range where
function yAt) describes the detection process and the changasothEY (w) andEP () significantly exceed the noise level.
of the THz pulse shape due to the propagation. Namely, thi$his range is narrower than the bandwidth initially transmit-
function accounts for: ted by the THz fieldEF(w) due to a possible high absorption
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of the sample and due to the frequency dependenag, pf D1 -
1, and i,. The time-domain response functidi(t) ob- v‘:;“‘,’;ﬁg‘é’t‘h
tained from the measurety(w) through the inverse FT is selection

then always distorted since some parts of the spectra are D2
inaccessible.

The authors of Ref. 2 carefully described the OPTP ex-
periment, however the direct application of their theory leads
to an emissionlike experiment; the sample which is repre-
sented here by dissolved chromophores in a cuvette becomes
the source of a secondary THz radiation due to the polariza-
tion induced by the incident THz pulse. Within this treatment
the evaluation of the polarization motion in the sample and, beamsplitters
consequently, of the near THz field is direct, however, the
waveform which can be obtained experimentally has a shape =
completely different from the true waveform in the near field detection
due to ¢,. Specifically, the measurements should be per- system
formed in t_he far field WIthO_Ut any focusing Optl@S,zg as . FIG. 2. Scheme of the experimental setup of OPTP experiments; D1, D2,
the reshaping due to focusing depends on the geometricag: gelay lines.
parameters of the experimental setdjstances, mirror sizes,
angleg, etg;* thgse c_hange; POL"d hardly be takep_mto aChe studied using available THz pulses. Then Bybecomes
count in all detail. This condition makes it more difficult to
use photoconductive antennas with a small gap between t
electrodes owing to the presence of a spherical lens which Ap(t't_te):Sof_wETHZ(t,)AX(t_t,’t_te)dt,' (4)

precedes such an antenna, and which serves to collect the ) ) o ]
signal into the active area: this lens should be removed fof'nerete marks the time of the optical excitation, anis the

these experimenf®. In any case, the detector responge M€ when we look at the value of the polarizatiarP
should be very carefully evaluated and taken into accounftrough the emitted secondary THz pulsehe generalized

and the true waveform of the THz pulse impinging on the'susceptibili'[yAX depends on two time variables: the first one

sample should be determined. Otherwise, a systematic errt '€lated to the dielectric response to a probe pulse, and the

will be introduced into the evaluation of the studied phenom-second one describes the influence of the optical excitation,

ena, viz., the precision of this evaluation will be limited by , B ~@3)yr g gm ”

uncertainties ing,. Ax(t',t=te) =l opt XU St =t —tg)
All these problems will be discussed further in subse- X S(t—t"—t,)dt"dt”

guent sections within the frame of the FT formalism which €

:;i\ljl(r)]\;vs to eliminate partially the unknown response func- :Iopt}(a)(t,ut_teat_te)- (5)

THz emitter

sample

sensor

Up to now the THz probe pulse arrival was defined only
implicitly through the general form oE4,(t") in Eq. (4).

Ill. FORMULATION OF THE PROBLEM However, in the experiment, the delays of all pulses—
excitation, probe, and sampling—can be independently con-
trolled. For clarity, we introduce a tintg describing the THz

The propagation of the THz probe pulse through theprobe pulse arrival. When the time origin is shiftedthyEq.
studied sample is coupled to a THz polarization wave which4) becomes
emits a secondary THz pulse that will be detected. The proAP(t—t t—t))
cess under investigation is nonlinear; the THz nonequilib- pr- e
rium response at some point of the photoexcited medium can t-t,
be described using the third order nonlinear susceptibility :8of ) Erhzt)Ax(t—t,—t' t—te)dt’. (6)

¥®. The nonlinear contribution\P to the total polarization

A. Nonlinear polarization

P can be written using the formula, After a substitution Eq(6) takes this form,
t
AP(t):sof J' f'5'((3)(1:/,tnytm)Eopt(t_tn/) Ap(t_tp!t_te)ZSOf_wETHZ(tI_tp)AX(t_t,!t_te)dt,i
”n ! ! " " (7)
X Egpi( t—t") (Eqp(t—t")dt’dt"dt”, (3)

which allows explicitly to delay the incident THz waveform
which describes a coupling between the fiElg; of the op-  in time throught, .

tical pump pulse, and the total THz electric fiélg,,. Such

an expression is valid at each point of the sample, howeveP
the shape of the electric fields can vary due to dispersion and’®
absorption. Nevertheless, we assume that the optical pulse is Experimentally, one can control the position of the three
much shorter than characteristic times of interactions that cadelay lines as shown in Fig. 2. The delay liné[11) deter-

. Definition of representations following
perimental schemes
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mines the pump pulse arrivéle., timet,), line 2(D2) con- It should be emphasized thaty(" and A y("" describe the
trols the delay of the THz probe pulse, i.e., its position issame physical process and bear the same information about
related to timet,, and line 3(D3) allows to scan the shape it; however, their mathematical form is different as they are
of the freely propagating THz wavefortne., timet). As the  expressed using different proper variables.

probe-pulse profile is not @function, the timet, can be

more or less arbitrarily chosen; however, during the experi-

ment,t, is connected to a definite position of D2.

It is convenient to define relative delay times: pump—
probe delayr,=t,—t., pump-sampling(=measurement As will be shown in the next section, the application of
delay 7=t—t,, and probe—measurement delayt—t,. the FT to a single variable, whether it ber, or 7., always
During a 2D scan two delay lines are mobile and the remainteads to an integral relation between the measured THz elec-
ing one is held in a fixed position. Following their choice, tric field E® andAy. However, the application of the 2D FT
two of the above defined delays can be treated as indepefgads to simpler results in all cases. We use the following
dent variables: definition of the FT,

C. Transformation into the frequency space

(i) D3 is fixed: D1 scang, and D2 scang (both in a
negative directiof

(i) D2 is fixed: D1 changes, (in a negative direction S o _ o
and D3 corresponds 1o which implies that the refractive indices in the media with

(i) D1 is fixed: D2 corresponds tg, and D3 tore. losses will have a negative imaginary pat=n—ixk. Letus

denote the angular frequencies conjugated to defays,

The natural choice of the reference waveform is a signaénd 7, asw, we, andw,, respectively. Then, a 2D FT ap-

obtained as a transmission through a non-excited sample iplied for example to a quantiti(r, 7o) in the representation

equilibrium (i.e., the pump beam is suppresgeBor this (I) is defined as

measurement only the delay timehas a physical sense; its o e

change can be achieved through the shift of either D2 or D3. A(w'we):f f A(T,To)exp —iwT)

Consequently, the 2D scan denoted abové@laswould not ) —e

be a suitable choice since it has no connection to this refer-

ence: for the sake of simplicity, it will be omitted in the

following analysis. We are thus left with two possibilities, The application of the 2D FT to Eq¢9a), (9b), (9¢), (9d)

how to select the pair of independent delays for 2D scandeads after a straightforward calculation to

A(Q)=fioA(t)exr(—iQt)dt,

Xexp—iweTe)drdTe.

Following the choice of the proper variables we can define [ _ [

two representations for polarization and susceptibility. We AP (,00) =eorr(0)Ax" (v, we), (103
denote by the superscrifit) the representation whereand AP (w,we) =Bl @) Ax" (w+ we,we),  (10b)
7o are chosen as proper variables, and(by the represen- a 0

tation with proper variables and r,. These representations AP (@, wp)=goE 0= wp) Ax V(0 —wp,0p),

(109
AI:’(”)(‘”"”p):(‘J‘OETHz(w_“’p)AX(H)(‘*”“’p)' (100

are simply related by the expression,

A(I)(T!Te)zA(”)(TanzTe_ T)! (8) L. . .
Note the frequency miXing appearing In some terms of Eqs

i.e., the quantityA has the same value in both representationélOb)’ (100, (10d; mathemgtlcally, th|s_ ls a direct conse-
) i o uence of the fact that, while the relatig®a) represents a
given the position of the three delay lines; on the other hand’ oo : .
X . ) ay e ¢onvolution in the variable, the relationg9b)—(9d) are not
the mathematical form of the functios” and A" is in . . o
. . o true convolutions. Physically, this is related to the absence of
general different. We obtain then for the polarization change . A .
the translational symmetry in time by reason of the excita-
. tion. In other words, the end of the terahertz puladich
AP (7, Te)=8of Erp(t)A XD (7=t 7o)dt, (9g  arives after the excitatiorexperiences a different response
—o than its beginning: new spectral components can be gener-
ated as a consequence of the dynamica pf
| T | We will also need to know the 2D FTs of time convolu-
AP()(T:Te)zsofimETHz(t,)AX( (7=t o= 7H+t)dt, tions of some function/(t) with AP (or with THz electric
(9b) field) in both representationf. Eq. (1)]. Since the convo-
lution involves variableg we can write it in the form,
T APO (7, 7)* i(t
AP“')(T,TP):sOJ Ern(t)AXO (7=t 7o+ 1)dt’, (90 (7 7e)™ 4(1)

:f APO(t—t' —ty t—t' —to)y(t')dt’
AP(”)(T,Tp)ZsOfT ETHZ(t,)AX(H)(T_tr,Tp+tr)dt'_ %
. 9d) :f APO (7=t r—t")y(t)dt’, (118
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AP(”)(T,TD)* w(t)_Jx Ap(ll)(t_t/_tp,tp—te)zp(t’)dt/

F AP (7=t m)y(t")dt’.  (11b

The 2D FTs of these expressions then lead to
FT(APO(7,70)* (1)) = Y0+ we) APV (w,0¢), (128

FT(APM (7,7)* ¢(1)) = (@) AP (0,0,). (12D

IV. SOLUTION OF THE WAVE EQUATION
FOR A PHOTOEXCITED SAMPLE
A. General considerations

We consider a sample of thicknelssurrounded by me-

Némec, Kadlec, and Kuzel

the sample,). Within the above mentioned approximation,
the wave equation foAE; can be written as
9?AP

a?

1 52

c? at?

9*AE,

972

(e*AE1)=uo (15)

The dispersion of the secondary waveform is accounted for
by the linear(equilibrium) time domain response functien

B. Input interface

We may now pass to the variablesind 7, or randr,,
and transform the wave equation into frequency space. We
apply the 2D FT to both sides of EQLl5) and using Egs.
(109, (10d) and (123, (12b we get

d?AE

+K2AE=—k3eqexp —iKgz), (16)

dia with refractive indicem; (before the sampjeand n, dz
(after the sample It can be, e.g., air or cuvette material; we

consider the most general case where the two media can BéereAE(w,we) in representatiorfl) or AE(w,wp) in rep-
different. In equilibrium, the sample is assumed to be a horesentatior(ll) are the 2D FTs oAE;(7,7) or AEy(7, ),
mogeneous slab with two flat and parallel surfaces and espectively. The other symbols used in expressl@h have
refractive index\N; in the time domain it is characterized by the following definitions for the two representations:

the dielectric response functienAll the indicesn,, n,, and Representation I:

N may be complex and frequency-dependent. Let us denote

Eo(t, 2) the THz pulse coming into the sample under normal . — (0F wg)N(w+ we) , OZM,
incidence. To be preciséy(t, z=0") is the THz wave c c
which has just been transmitted through the input interface oN(0) o
(air/lsample or cuvette/sampleaccording to equilibrium Ke= +—"ja,
Fresnel equations. It is assumed to be a plane wave. In the ¢ Vg
following we also suppose that it is possible to proceed to the g =E,(w,z=0%)Ay"(w,w,),
temporal windowing of the THz signal in order to cut the ,
internal Fresnel reflections in the sample: these are not coriRePresentation Ii:
sidered in the main part of this paper, however, they are oN(w) ®
treated in the Appendix. In the photoexcited state the total k= c ' RoTo
THz field E1.(t, 2) in the sample is equal to
Eru(t,2) = Eo(t,2) + AE,(t,2), (13 Koo emopN@z0p) 0p |

C Vg
whereAE; is a secondary THz wave induced by the nonlin-
ear polarizatiolAP(t, t—t,, 2. From now on, we assume
that the secondary fieldE, is small compared to the pri- As all the equations are analogous for the two representa-
mary oneE,. This is the most important assumption of our tions, we will pursue the calculation for representation Il
model which allows to linearize it. It is justified in many only and we will present the results for representation | at the
practical casesAy scales linearly with the incoming optical end of this section. We would like to emphasize that in rep-
fluencel o [cf. Eq. (5)], and consequently the magnitude of resentation Ilw—w, has the meaning of the frequency of the
AE; can be limited in the experiment. However, if interac- primary THz waveE,: this wave drives the component
tions at a very high excitation density are to be studied., of the secondary wave which oscillates at the frequescy
investigation of the carrier screening in semiconductors aand it is parametrized by,. Equation(16) is analogous to
high photocarrier densitieghis model cannot be applied. equations of nonlinear optics which are governed by a phase
Within the above approximatiom\P can be written in the matching condition. The phase matching condition for Eq.
following form: (16) is

The secondary magnetic fieltH is related to the elec-
tric field AE through Maxwell's equation,
i dAE

AH= e Tz

eo=Eg(0—w,,z=0")Ax" (0,0,).

t
AP(t,t—te,z)=sof

Eo(t’,z)exp(— az)

XAx(t—t',t—(te—2Zvg))dt’, (14

where we replaced the total THz field by the primary one, the
propagation of which is well known. In addition, we explic-
itly accounted for the absorption of the optical beam throughlhe solution of wave equatiofl6) describing the propaga-
the coefficienty, and for its group velocity of propagation in tion in the forward direction can be written as follows:

(18)
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Sample Indeed, if one assumes a time-independent change of the
' refractive indexAN of the medium, then the chang¢ of the
m N=n-ix m Fresnel transmission coefficients equal to
dt 2n

E10+AE10 El‘l+AEl' At:—AN:(— )( ! (ZNAN)
H’0+AH’0 H,~1+AH,~ dN 2N(n1+ N) n1+N (24)
S=’ *»

Ey Ey+ AE Eq+ AE; En+AE; The product of the second and third term in E24) is as-

H; Ho+ AH H,, +AH, H,+ AH, sociated withey in expression23): the second term yields

Eo(z=07) from Eq(z=07), and the third terms stands for
FIG. 3. Notation of electric and magnetic fields at the input and output face¢he change of the susceptibilityy.
of the sample. In the main part of the paper we assume that the sample is  The second term in the square bracket in m) de-

thick enough to allow the temporal windowing of the signal; the backward-_ _ . . . ) .
propagating wave depicted with a dotted line is not taken into account in th(§'Crlbes the generation &E durlng the propagation in the

equations for the input interface. However, this wave is taken into account ifneédium. It is linear inz as expected for the phase-matching
the Appendix. case. This term, considered in Ref. 2, states that the field

emitted by the time-dependent polarization during the propa-
gation in the sample, in the near field, is proportional to

kgeo A JAP
AE=s exp(~ikiz)~ 5= sexi—iKe2), (199 Eyoc———. (25
17 INF
The second term becomes dominant for thick samples. On
ki 6 _ K kgeo . the other hand, for cases not phase-matched the relative im-
AH= —exp(—ik;z) = — ———exp(—iK¢2). portance of the first term grows. In semiconductors, where
Mow Mow ki—KEg : s ;
the pump pulse is usually absorbed within a few microns, the
(19b . . . .
first (“surface”) term is clearly the leading one.
The constan® can be determined from the continuity of the
electric and magnetic fields at the input interfdze0), C. Output interface
Eio+ Erot AE;q=Eq+AE, The primary wave reflected on the output interface fol-

(20) lowing the Fresnel formulas reads:
Erl(Q!Z) = Eo(Q,Z: 0+)eX[i - iQNQL/C)vaz
Xexp —iQNqg(L—2)/c),

Hi0+ Hr0+AHr0:H0+AH.

The meaning of all fields is explained in Fig. 3. The equilib-

rium component&,y, E,q, Eg, andH,q, H,q, Hq fulfill the
equilibrium Fresnel equations. The ratio E,; andAH,;,  where
is given by the impedance of the surroundi@gjuilibrium)

medium. Thus we are left with the following equations: ro :w
2 N(Q)+ny(Q)’
AE,o=AE, —nj\ [200 E,o=AH, (21) andQ=w—w, (in representation J| The wave equation for
Mo the back-propagating secondary wad&, then takes the
which allow us to express the coefficieit Its substitution form,
back to Eq.(19a yields d?AE,
. +KIAE, = —kgeogexp(—iKg2), (26)
AE- eoexp(—ik,z) 1 d7
N(w)+Kg/ko| Ny(@)+N(w) where representation I,
l—exp(—iAkz — _
sl (22 Koo — LoTopN(@Z0p)  0p
N((J)) KF/kQ c Ug

This formula describes the field induced due to the transmis-  ej=Ey(w— o, ,Z=0+)AX(”)(w,wp)
sion of the THz wave into the nonequilibrium medifr¥0)
and for the field induced due to propagation in this medium.

It is interesting to look what happens in the phase-matchegefiection of the optical excitation pulse on the output face is

XeXF[—Zi(w—wp)N(w—wp)L/C]rw_wpvz.

case. In the phase-matching limit EG2) yields weak in usual cases of interest and it is neglected. Note that
1 7 in this case the pump pulse and the reflected terahertz waves
AE=| — AN, N) €~ 2Nc(lweo) exp —iky2). E,, andAE, are counterpropagating, and the phase matching

23) can never be achieved. This is expressed by the first negative
term in the definition oKz . The majority of the energy of

The first term in the square bracket can be interpreted as the secondary wave generated by the backpropagating wave

first order correction to the equilibrium Fresnel formulas.coming into the detector is delayed by an additional time
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2NL/c. Taking into account the nonresonant character of 1 1
this backpropagating term and given the time windowing
condition, we omit in the following the right-hand side of
Eq. (26). A complete solution of the problem is given in the
Appendix and the short discussion there also validates our
approach. We are thus left with a very simple wave equation,

d?AE,
F + klAEr: 0

(27)

The continuity conditions at the output interfaeesL, read
(see Fig. 3

Ei1+AEi + Er1+AEr: Etl+AEt y

Hi1+AHi+Hr1+AHr:Ht1+AHt, (28)
where the equilibrium componeni, E,;, Ei;, andH;q,
H,1, Hq fulfill the equilibrium Fresnel equationE; and
AH; are given by Eqs(22) and (18) with z=L; AE, and
AH, are the total transmitted secondary waves,

AH \/ oA
:n —_— ,
t 2 Mo t

and AE, and AH, are solutions of the wave equatid@7)
describing the waves propagating backwards,

AE,=yexpik,2), (293
AH = — 97 nike2) (29b)
T e 12).

The interface conditions allow to eliminate the constant
and determin\E,. One finds

e SRk 2N
U N | (N+Ke/kg)(ng+N)
1—exp —iAKL) 1 "
(N—Ke/kg) N+ Kg/kg| S0 (30

where the argument of the parametBsn;, andn, which
appear explicitly in this expression is the frequercySimi-
larly, in representation IN and ny which appear explicitly
have the argument + w.. For use later we will formally

define a filter functiorE = AE, /e, which represents the re-

lation between the transmitted secondary waue,, inci-
dent waveE, and nonlinear susceptibility y,

AE(w,we)=E(w+ we,0)Eq(®,2=0")Ax (0, w,)

(31a
in representation |, or
AEt(w,wp)ZE(w,w—wp)Eo(w—wp,Z=O+)
XAX(”)(a),wp) (31b)

in representation II.

D. Discussion

The first term in Eq(30) corresponds to the first term in

Némec, Kadlec, and Kuzel
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FIG. 4. Amplitude of the secondary waveE, represented by the quantity
a|Z| (see text as a function of the sample lengthfor different optical
absorption coefficientsa and for different walk-offs Aw. Parameters:
o/ wy=2,N=1.5,n,=n,=2. The curves which are shown were calculated
at 1 THz, but asE scales practically linearly with frequency under these
conditions, the same curves are obtained for other frequencies.

bulk contribution which strongly depends on the phase-
matching condition. Finally, the third term in EO) has no
equivalent in Eq(22) and it can be identified with a contri-
bution coming from the second interface.

Assuming thatN varies only little with frequency, one
can define the pulse walk-off,

N 1
Aw=———

C vg (32)

as a characteristic parameter describing how closely the
phase-matching condition is satisfied. The generated ampli-
tude of the secondary wave is plotted in Fig. 4 as a function
of the sample length for different values of the absorption
coefficienta and of the walk-offAw. These plots correspond

to experimental situations that are encountered in the study
of solvation dynamics in solutions: for a given solvécthar-

expression22), i.e., to the pulse generated at the input in-acterized byAw) one looks for a suitable cuvette length and
terface which has next passed through the output interfacehromophore concentration which linearly scatesAs the
without photoexciting perturbation. The second term is themagnitude of the nonlinear susceptibility is also expected to
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b LA L B T nant and the surface terms counterbalance each other. The
30 || Sample thickness semiconductors or other highly absorbing materials are rep-
I 2 mm resented by the second increase of the signal amplitude
— == 05mm which is independent of the sample thickness and where the
20 term coming from the first surface becomes dominant while
= the sum of the remaining terms vanigfig. 5(b)].
£ 10 ()
8
g ) V. EXPERIMENTAL SCHEMES
0 e
£ OIS thickness: 2 mm In Sec. Il we introduced two possibilities of 2D tempo-
gEs0r— .T°rj:§:g$“°“ ral scanning in OPTP experiments which lead to two repre-
« e Eﬁk ) sentations of the THz secondary wave emitted by the sample
.UQ)’ 20 | — — — - output interface // ----- oz due to the photoexcitatiofEgs. (30) and (31a), (31b)].
‘/‘ /// A. Representation |
10 F ///’ In the case of representation |, one performs a 2D scan
s, (b) using D2(7) and D1 (o) delay lines. The reference mea-
L surement is done with the pump beam suppressed and using
0 B the D2 delay line. D3 is fixed in both experiments in the
10 10 10° 10° 102 10° same position. Taking into account E@®), (12a), and(31a
o (mm) one finds for the measured sigriake Fig. 1,

FIG. 5. (a) Amplitude of the secondary waukE, at 1 THz(represented by

D
e . . e AE"(w,0¢)  P(wet o) P1(wet )
the quantitya|=|) vs optical absorption coefficients. Parametersw/ w, =

=2,N=3.5n,=n,=1, Aw=0.2 ps/mm.(b) Decomposition of the signal End ) () (o)
amplitude into three contributions which given by the three terms of Eq.
(30) and discussed in the text. E(wet w,0)Ax(w,we) Eg(w)
, (39
Tre @) Eo(w)

be approximately proportional to the chromophore concenWhere Tr((w) is the reference transmission function of the
tration, Fig. 4 in fact shows the produetZ| as a represen- Nhonexcited samplé; accounts for the spatiotemporal trans-
tative function for the measured signal amplitude. If theformations of the THz pulse between the sample and the
phase-matching condition is fulfille@ndN is frequency in-  detector, and, in the case of a sample in a cuvette, also for the
dependent one obtains, propagation through the output window of the cuvette. This
last contribution is simple to describe if the characteristics of
the cuvette material are known, namely, it simplifies owing
to the reference measurement into a pure phase factor if the
dispersion of the cuvette in the THz range is negligible,

TN+ N) Yol 0et ©)

In the case of a solution in cuvette,~ N; then, the first and Youd )
the third (“surface”) terms partially compensate for each whered is the cuvette output window thickness. Concerning
other and the bulKphase-matchgdcontribution is thus the the spatiotemporal transformations, it is necessary to avoid
leading one as it can be seen in Fig. 4; the amplitude practihem after the sample by following the protocol for the emis-
cally vanishes folL=0. sion experiment described in Ref. 27, i.e., the transmitted
In contrast, only the first term of E¢30) will contribute  on-axis THz wavefornEP (7, 7.) is measured in the far field
in semiconductors where the pump beam is usually absorbeslithout any additional focusing optics. The relevant part of
within a few microns near the input interface because théhe instrumental functiony; accounts for the near field—far

€o
(N +N)(n,+N)  c(N+ny)

AE,= (iwep)

€o

exp( —ik;L). (33

~exp —iweghyd/c), (36)

parameter¥ . and Ak have very high imaginary parts,

2N exp(—ik4L)eq
Nyt N)(N+Kg/Kg)(ng+N)

(39

field transformation and it is proportional to frequency,
Vel wet o) _ wet w
Pai )

exp( —iweD/c), (37)

This is illustrated in Fig. 5, where the signal amplitUdé&]| whereD is the distance between the output face of the cu-
is plotted versus the absorption coefficient. Here the multivette (samplg and the sensor. The sum of the two large lin-
plication of E by the absorption coefficient over several de-ear phase factors from Eq86) and(37) corresponds to the
cades is not completely justified as in the previous case: wéme shift of the resulting susceptibility by =(n,d+D)/c
take it as the simplest approximation and, consequently, thim the variabler,. This follows from the definition ofr,
curves show the expected behavior only schematically. Thest—t., wheret is the time of the measurement ainds the
situation encountered in solutions corresponds to the initialime of the pump pulse arrival into the sample. No signal of
increase of the signal amplitude where the bulk term is domiinterest can be measured feg<t’. One can thus cancel
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these phase factors provided that the origin o defined in  The presence of the sum frequency factor in the argument of

the experiment as the time delay when the first signal relatethe sensor response functign(w. + w) is closely related to

to the optical excitation has been detected. the experimental protocol associated to representation I. For
Although the termsEy(w) in Eq. (35 cancel out, they a given position of DI(scan oft.) and D2(scan oft,) one

are formally written here, since the finite extent of the THzpoint of the nonequilibrium THz waveform is measured. We

spectrum limits the experimentally accessible range. This isiow fix the pump pulse arrivdD1) and move the delay line

discussed in more detail in Sec. V C. D2; this corresponds to a waveform measurement as the
Finally, 4, is the spectral responsivity of the sensor. Theprobe—sampling distancet<t;,) is scanned. However, by

relation between the true THz waveform incident on the demoving D2, the pump—probe distandg { t) is changed at

tector and the detected waveform has already been describdte same time. Consequently, each point of the waveform

in the case of the electro-optic sampling; in the most generabbtained using this experimental protocol is influenced dif-

case, the detection spectral response function is given by Eéerently by the pump pulse. The factgs(w.+ w) takes this

(57) in Ref. 26. Under usual experimental conditions wherefact into account. Similar arguments can be drawn for Eq.

the bandwidthA w, of the sampling optical pulse is much (35) to justify the termy;(w+ w) describing the spatiotem-

smaller than its carrier frequenay, the response function poral transformations.

¥-(Q) of the detection system writes The main advantages of this representation are (ihat

the shape of the incident waveform is completely canceled

out thanks to the reference measurement, and(ihabnce

the sensor is properly characterized, the evaluation of the

nonequilibrium susceptibility is straightforward for all sub-

Pa(Q)= fZEf(w’)EL(w’—Q)dw’

Xng)(wL Q0 —Q) sequent measurements. On the other hand, it should be care-
) fully checked that the measurements are really performed in
ex+_|An(Q’wL)) the far field. The major disadvantage of this method is that
% ¢ 2n (39) the detected THz beam is not focused, thus the S/N ratio is
Q n+1’ significantly decreased. In order to improve the signal, it
'?AH(Q'“’L) would be necessary to use focusing opftiparaboloidal or

ellipsoidal mirrors or FIR spherical lengedHowever, this

where() is a general frequency variable. The first term in Eq.would complicate very significantly the form of the response
(38) is the frequency domain autocorrelation of the opticalfunction ;. It can still be evaluated analytically within
electric field E_, which describes how the measured THz Gaussian-beam approximatiéhput this approximation is
waveform is broadened due to finite temporal length of thenot always valid within the required precision; the spherical
optical sampling pulse. The second term corresponds to thaberration significantly broadens the THz pulses and parabo-
Pockels coefficient dispersion in the THz frequency rangeloidal and ellipsoidal profiles can lead to departures from
The third term describes the waveform distortion due to th€Gaussian-type propagation characteristics. On the other
dispersion of the sensdris the sensor thicknesand due to  hand, numerical calculations within the scalar diffraction
the velocity mismatch, which is incorporated in the differ- theory’* always require assumptions about the transverse
ence between the group refractive indexof the sampling  profile of the THz beam and do not allow a simple analytical

pulse, and the THz refractive index treatment based on E(L) using a temporal convolution with
a response function; the response function will in fact depend
dn(w) on the spatial profile. Moreover, the calculations are very
A”(Q'“’L):”(Q)_”g(“’L):”(Q)_”(‘*’L)_“’Ld—wL- sensitive to the geometrical arrangeméait distances and

(39)  apertures of used optics

Finally, the fourth term of Eq(38) accounts for the Fresnel
losses on the input face of the sensor.

All the required quantities can be experimentally deter-
mined for a given Pockels crystal, thys can be calculated. Let us turn now our attention to the second possibility
However, asy, contains a sum frequency in its argument it (representation )i for which one needs to perform the 2D
is necessary to measuge(()) in a spectral range exceeding scan using D37) and D1 (r,) delay lines. The reference
the available THz bandwidth in order not to reduce the acmeasurement is done with the pump beam suppressed and

B. Representation I

cessible frequency range afy(we, ). using the D3 delay line. D2 is fixed in both experiments in
The nonequilibrium susceptibility can be directly calcu- the same position. Taking into account E¢®), (12b), and
lated from Eq.(35), (31b) one finds for the measured signal,
A0 = Tedw)  AEP(w,w,) ED(w,wp) _ Po() P1(w) E(w,0—op)Ax(w,0,)
X O™ E(wetw,0)  E2(0) ED(w)  ¥a®) da(w) Tred @)
wipr(w) Eo(w— wp)
. 40 - P 41
(0ot @) Ul wgT @) 40 Eo(w) (41
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The meaning of the symbols is analogous to that in(B§). Representation I Representation IT

(b)

The response functions; andy, describing the propagation
after the sample are eliminated. Their absence in this expre:

T
sion allows one to choose any experimental arrangement b 5
hind the sample, and, consequently to focus the THz powe
into the sensor. On the other hand, it is necessary to dete g
mine precisely the waveform incident on the sample. It im- g T
plies replacing the sample by the sensor, to measure tF &
waveform(denoted a£y), and subtract the influence of the & extlgf;l’gggm
sensor using the functiory,. Then Eq.(41) yields for the =
nonequilibrium susceptibility the following formula: ; .
sample in excited measurable THz
(o) Trel @) ED(w,wp) En( @) hp(0— wp) state signal
T Eowmep) ERe) Em(o=wpiz(e)’ ©) (d)
(42) o, o,
—_——— e, Nt

Similarly as in expressio40) we canceled the phase fac- N\o’ L i ! : [ r /|7E
tors, ] ! | \ Il |mi EJ - |°g/ | !

expl —iwp(n;d+AD)/c), g I’QIN/ \H i : ::jl 21 ,I/ /Ilﬁ'

@) pE 1 D,

whered is the thickness of the input window of the cuvette S i | §’/| |\\ | ! ! | //| |q,°>};/| i
and AD is a possible distance between the position of the é‘ N_x__\ ! (RPN S__4
input face of the sensor and of the sample. Here the phas & :__.\__Ej#\____,\,(o ! F--yﬁf-- .__:(o
factor can be determined if the experimental setup allows t 5 1 | O N\ | 1 i | /L | 7 |m:
minimize the uncertainty in the determination &D. = : | \L| \\l ' ! V/ H/ | !

If the experimental THz setup is sufficiently stable in ! | |T\ \Q f( /f| | :
time, it is possible to determine the complex spectrum of the L = N\ ! ! 7 1l | }
waveformE, only once for a whole set of nonequilibrium :J ‘&j 12 : :_f/ | |_7 12 L:
measurements. It is obvious that the precision of this detel et N - e

mination is crucial. In order to minimize the influence of the . Upper part: 2D time-domain scans to be perfornfarrepresenta-

sensor, it is possible to use a very thin Pockels crystal for th@on |; (1) representation II. Lower part: accessible ranges in the correspond-
detection, e.g., a thifil10) ZnTe CI’yS’[z:‘a5 in an optical con-  ing 2D Fourier spaces for representatidie)land representation (). Gray
tact with a thicker one ir(lOO) orientation so as to avoid shadowiqg _r_epre_sents areas whapecan be experirr_]entall_y obtainddee
muliple Fabry—Pet reflections. Then the specirufp(v)is 5% PEITIng ines e et o e temporel windant, spectur
much flattet? and the evaluation is less sensitive to experi-rates in7, 7, andr, (5), (6), and(7), scan lengths irr, and 7, (8) and(9),
mental errors. filter function E (10), diffraction (11), and pump pulse lengt{12).

Note that in usual optical pump—probe experiments,
where relatively slow changes are measured compared to the
carrier frequency of the optical probe puléee., w,<w), For representation[Fig. 6(a)], rand 7, are connected to
the influence of the incident pulse shape is canceled out ithe displacement of D2 and D1, respectively; the area of
Eg. (41), one-dimensional FT can be performed, and ainterest containing the complete information is rectangular. It
slowly-varying time-dependent susceptibility (7, w) can s limited in 7 owing to the temporal windowing; on the other
be introduced. It should be noted that this is also the case fdrand, sufficiently long scans i, should be performeguntil
OPTP experiments if one measures only slow dynamicghe signal related to the pump pulse vanigh&se origin of
compared to the THz pulsewidtho( < w). 7. Was chosen as the time delay when the first signal related
to the optical excitation has been detected.

The rectangle transforms into a parallelogram in repre-
sentation Il [Fig. 6b)]; the pump pulse approaches the
sample atr,=7,+ 7=0 [cf. Eq.(8)], i.e., the data below the

In both presented experimental protocols, one part of theliagonal liner,= — 7 cannot be influenced by the pump and
instrumental functions is eliminated. For D1-D2 scans wetheir value is zero by definition. For large valuesrgf- 7 the
need not take care about the propagation before the sampkignal due to the excitation is supposed to vanish. Thus, as
however we do have to account for the propagation after thehown in Fig. €b), the parallelogram can be completed by
sample. The opposite is true for D1-D3 scans; the waveforntwo triangles filled by zeroes to obtain a rectangle suitable
before the sample has to be determined, while the propagder 2D FT.
tion after the sample is absent in the formulas. The sensor Figures 6c) and 6d) show schematically the frequency
characteristics have to be elucidated for both experiments. ranges where nonequilibrium susceptibility can be calcu-

Both possibilities of 2D scans are schematically repredated. The susceptibility at negative frequencies is calculated
sented in Fig. 6. Figured# and Gb) represent the ranges of using the propertiesAy(w,w.)=Ax*(—w,—w,) and
time delays which need to be scanned. Ax(w,wp)=Ax*(—w,—w,). The experimentally acces-

C. Accessible data
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sible areas are defined as frequency ranges where both teample—this, for example, is the case of the temperature—
signal spectrunEP and the reference spectrulﬁﬁ9f exceed it is necessary to take it into account through a modification
the noise level. They are delimited by a set of lines plotted irof E.

Figs. 6¢c) and d) which are characteristic for the experi-

mental setup or its parts and which are obtained from Eqsvi. CONCLUSION

(35 and (40) for representation I, and from Eq&t1) and
(42) for representation II.

With representation [Fig. 6(c)], the accessible range is
in principle defined by the sampling ratesrand 7, (high-
frequency limi} and by the scan lengths inand 7. (low-
frequency limi}. It can be reduced further by all the factors
which appear at the right-hand side of Eg5); e.g., the
spectrum of the incident THz pul$g,(w) cancels out in this

We have solved the problem of the propagation of THz
electromagnetic transients in photoexcited media up to the
first order. We have shown that using a 2D FT approach one
can derive an explicit formula for the 2D spectrum of non-
linear susceptibility describing the ultrafast dynamics of the
medium after the optical excitation. The results can be ap-
plied both to optically highly absorbing media, where

resnel-type interface effects dominate, and to media with

expression, however, it can still diminish the spectral rang d : . .
where EP(w,w,) and E2(w) can be experimentally ob- ower optical absorption where the phase-matching condition
e ref in the bulk becomes important.

tained. The principal factors that can decrease the low- and . .
: o . . . We have proposed two experimental schemes and dis-
high-frequency limits of the measurementurjvertical lines . :
L S cussed their advantages and drawbacks. One of the instru-
In Fig. 6(c)] are the spectrum of the incident puBglw), the mental functions/, or ¢, is canceled out from the expres
itivi ilikri 0 1 -
sensitivity of the senso#,(w), and the equilibrium proper sions for Ay owing to the 2D FT approach. All the

ties of the samplel e «); in addition, the low-frequency equilibrium characteristics of the sample, cuvette, and sensor
part of the spectrum can be limited by the temporal window- q p'e, ’

ing. The terms which contain the sum argument o, are need to be preliminarily determined and spectral filtering

then at the origin of diagonal delimiting lines in Fig(ch functions appearing in the final expressio) and (42)

. . . should be plotted and examined. It is then possible to deter-
The most important factor here is the upper limit of the spec-_. o
. . N mine the spectral range where susceptibility can be deter-

tral sensitivity of the sensor which, due to its diagonal char-_. : . o
: . mined from the terahertz experiment. The relative variation

acter, reduces the accessible area very drastically—by mor

then one half. The filter functiog and the propagataf, are C%a:]aor::;?:racr:as:St)(:eezté?g:%iﬁz dav{/i?\((;tl:?nkr?évagcéth:ro?)gr?miil-
approximately linear ino + we , S that they can in principle Etrumental function. In this respect, our a roagh a egrs to
influence the low-frequency diagonal limit shown in Fig. . Pect, our approach app

6(c). be more convenient than alternative time-domain treatments,

I . . . where all the instrumental function,, #,, andi, have to
Similar discussion can be drawn for representation II; . . : .
. . A . be experimentally determined. Moreover, unlike the numeri-
the accessible spectral area is plotted in Fig).6While the . .
: . - al time-domain treatmefEDTD), the proposed scheme al-
experimenter can influence the positions of short-dashe

lines plotted in Figs. @) and &d) (.g., lengths of scans and ows for a direct evaluation ok y without ana priori model.

sampling ratg those of long-dashed lines are given by char-

acteristics of the experimental set(gensor, emitter, opacity ACKNOWLEDGMENTS

of the sample, etg.and the reduction of the accessible area  The authors wish to thank P. Jungwirth and P. ek
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the dynamics of photoexcited carriers generated just above

or well above the band gap. It is then possible to recovepnPPENDIX: SOLUTION OF THE WAVE EQUATION

very precisely(without knowledge of any instrumental func- WITHOUT TEMPORAL WINDOWING

tion) the ratio of the spectra of nonlinear susceptibilities, .
Here we solve the problem of propagation in a photoex-

cited medium without the temporal windowing of the THz
A == , (439 signal, i.e., all the internal reflections in the sample are taken
xz(@,wp) Ez(w,wp) into account. The remaining assumptions are retained,
namely,AE<E,, expressed by Eq$13) and(14). The defi-
nitions of the symbols given in Eq§l6) and (26) are used.
The wave equation for the total secondary THz fiAH in

the sample writes
where indices 1 and 2 denote the different experimental con- )
iti ' ' ' d“AE
d|t|o_ns. It is then _p_0_53|ble to follpw easily the changes of +ICAE= — k2eo[ Ar exp( — iK £2)
nonlinear susceptibility as a function of another external pa- dz
rameter. Note, however, that if the external parameter can

simultaneously change the equilibrium properties of the +Agexp —iKg2z)], (A1)

Axi(o,0,)  EP(w,0p)

Axa(@,0) _ EP(w,)
Axo(w,we) EzD(w,we)’

(43b)
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where the parameters

oo

AF:_ZO (r1r2)exf —2i(w—w,)N(w—w,)jL/c],
=

1 < .
Ag=— > (riry)exg —2i(w—wp)N(0—wy)jL/c],
1]=1
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AE. . =|[1 2N 1
LB T ni+ N/ N+Kg/ko
1—exp—i(Kg—kq)L)| egr,exp(—ikqL)
N—Kg/kg n,+N
xXexd —2i(o—w,)N(w—wp)L/c]. (AB)

describe the sum of internal reflections of the primary waven principle, these terms are delayed in time with respect to

in the sample. The general solution of the wave Efl)
writes,

AE=1vy expik,z)+ & exp(—ik,2)

kSeOAm

m<FB ki-K2

exp(—iK 2). (A2)

those of Eq.(A5) as the propagator term in Eg@A6) is
roughly equal to—3ik,L. This validates for the majority of
cases our approximation expressed by €7). The second
term in the square bracket of EGA6) can become resonant
only in a hypothetical case when the phase-matching condi-
tion (17) is satisfied and, simultaneously, the primary field
has a nonvanishing static componeat< w,). On the other

The relations between the secondary wave reflected by tHeand, if we are far from the phase matching condition, the

structure AE,q), transmitted by the structuré\g;) and the
constantss andy are given through the field continuity at the
interfaces,

AE,y=AE(z=0),

—kon1AE o= uowAH(z=0),

AE(z=L)=AE,, (A3)
MmowAH(z=L)=Kkon,AE;.

After introducingAE given by Eq.(A2) and the correspond-
ing magnetic fieldAH calculated using Eq(18) into the
system of equationA3) one finds

2N \1—exp —i(K,+k;)L
AEt= 2 N ) F( ( m 1) )
m=F,B n1+N N+Km/k0
1—exp(—i(Kn—kyL) | Apeoexp(—ik L)
N_Km/ko n2+N
o (N=ny N—n,)} L
ij'o N+n, N+n, exp(—2ikqjL). (A4)

The last sum accounts for the multiple internal reflections ofs

generated signal based on this term will be small. At the
same time the nonvanishing positive argument of the expo-
nential term exp{i(Kg—k¢)L) will decrease the effective
time delay of this contribution. The interpretation of this con-
tribution is the following: out of the phase-matching the
back-propagating primary wave generates in the bulk a small
part of the secondary wave with an opposite propagation
direction (i.e., this secondary wave propagates directly for-
ward after generationThis secondary wave then comes into
the detector at intermediate tim@sgith a delay betweehlL/c

and NL/c), thus the temporal windowing procedure cannot
be strictly defined. Consequently, a small systematic error is
introduced into the treated data if EB0) and the time-
windowing are applied in this case.
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