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Influence of the nonresonant processes in the dynamics of the image-potential states
of Cu(100 and Ag(100
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We will concentrate on the peculiar role played by the nonresonant processes resulting from the existence of
an initial distribution of bulk states on the two-photon photoemission spectroscopy(@0@wnd Ag100
surfaces. In contrast to previous studies on thélCl) surface where the process is initiated from an intrinsic
surface state, here the transitions occur between the initially occupied bulk band states located below the
energetic gap and the image-potential states because there is no intrinsic surface state for this type of surface
orientation. We will show that the initial distribution of bulk states plays an important role in the evolution of
the image-potential states and cannot be reduced to a single state as previously described. The resulting
nonresonant processes can strongly affect the magnitude of the resonance structure of the photoemission
spectrum with respect to the predictions obtained on the basis of the sole resonant process.
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[. INTRODUCTION correlation curve as resulting from a simple sequential popu-
lation process initiated from the intrinsic surface state
Image-potential states are now well-established as statekrough the intermediate image-potential state was well un-
where the surface electron is trapped due to the Coulombiderstood. However, the case of the cross-correlation curve
interaction with its image charge located in the métBe- n=0 was a subject of controversy. It is now clear that it
cause these states are generally unoccupied, their experimeesults from a purely coherent process where a population of
tal detection and identification have been realized firsextracted photoelectrons is created through coherences
through inverse photoemission spectroscofyThen, the among the initial intrinsic surface state, the intermediate
observation of low-lying image-potential states was carriedmage-potential state, and the final photoelectron state. This
out these last decades for different metal surfacBse de- interpretation is confirmed by the location of the energy of
scription of the surface electron moving freely parallel to thethe surface electron resonances corresponding=t0 and
surface and trapped perpendicular to the surface has beenr=1.1"*8Of course, not all the metallic surfaces have intrin-
conveniently given in terms of plane waves along the uncorsic surface states participating in the photoemission process,
rugated surface times hydrogemigvave functions along the such as C(11). This is particularly true for th€100 sur-
normal to the surface. There has been strong emphasis on tfece of copper and silver studied recently by Shureggl.,’
determination of the image-potential state lifetimes acceswhere the time-resolved two-photon photoemission process
sible by two-photon photoemission spectroscbpyand the s initiated from the bulk band states. Starting from a super-
influence of adsorbate layers of rare gases deposited on tlell geometry, Klamroth, Saalfrank, and #d0° have used a
bulk has been studiet In addition, some general rules mapped Fourier-grid Hamiltonian method to simulate such
based on the experimental observations give a quantitativen experiment by introducing the local effective one-electron
relation Tnocp,jl between the lifetimer, of the image- potential of Chulkov, Silkin, and Echenicffausing a multi-
potential state and its penetration facpprcorresponding to  State open-system density matrix approach. They gave a de-
the modulus squared of the surface wave function restrictedcription of the pump-probe process including energy and
to its z dependence and integrated over the Balk. phase relaxation that enables evaluation of the energy- and
While these observations were first performed by takingime-resolved 2PPE signal. This work is based on a generic
advantage of the energy resolution, the high time resolutio@b initio type of approach to avoid the introduction of any
attainable today with femtosecond lasers in two-photon phoidealized scaling law about energies and lifetimes of the
toemission (2PPB spectroscopy offers the opportunity to image-potential states. By solving the eigenvalue problem
follow in real time ultrafast dynamics occurring among numerically and the dynamics of a multistate open-density
image-potential states, intrinsic surface states or bulk stategjatrix model including continua of initial and final states,
and photoemitted electron stafe®'>'* The first measure- Chulkov, Silkin, and Echenique simulate the time-resolved
ment on the determination of the 2PPE spectra was carriedPPE spectra. Although the method is quite powerful and
out on Ag100 and Ag111) using uv-pump-—ir-probe de- enables the evaluation of the image-potential states up to
layed pulses and showed the emergence of the second image45, the numerical predictions compared to the experimen-
potential state during the rapid decay of the first 5h®The  tal 2PPE signal underestimate time=1 resonance while
experimental determination of the cross-correlation curve# overestimates then=2, resonance as mentioned by the
n=1 andn=0 performed on the Ga11) surface by time- authors.
resolved 2PPE spectroscopy has attracted much attérffon. It is the goal of this work to show that a similar difficulty
The origin of the process underlying the=1 cross- can be encountered in evaluating analytically the 2PPE spec-
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le> o> FIG. 1. On the left-hand side of the figure, we
Evecunm In=3> I 1 represent the electronic structure of(C00) and

In=2> Ag(100 surfaces, involving bulk band states,

[n=1> n=i> image-potential states, as well as the continuum
of photoemitted electron states. On the right-hand
side, the sequential population process leading to
the extraction of the photoemitted electron
through the intermediate image potential state
=i is illustrated.

€
[b> [b>

tra of the image-potential states when the sole resonant cotice that the analytical structure of the pulse shape adopted in
tributions are retained. Of course, because the initial and thihe present work has negligible consequences on the physical
final state distributions pertain to two continua, we are al-results due to time integration. For the problem at hand, the
ways faced with competition between resonant and nonres@rea and the width of the pulse are important. More realistic
nant contributions. For this reason, it can be tempting, agnvelopes will be probably described by Gaussian shapes,
done in previous work, to reduce the dynamics to the solémpeding an analytical treatment. However, the pulse dura-
states contributing to the resonant transitions. We will demtions must be much shorter than the dynamical times of the
onstrate that such an oversimplified model would lead to amlectronic system; otherwise they affect the dynamical evo-
erroneous evaluation of the spectra due to the high sensitivitition and must be accounted for in the analysis of the ex-
of the 2PPE spectrum with the density of initial states or,perimental results. This is the case we are dealing with in the

equivalently, to the nonresonant processes. present study, because the pump and probe pulse durations
are even longer than the lifetimes or dephasing times of the
1. RESONANT APPROACH TO THE DYNAMICS system. This is Why the pulse Shape enters in our description.
OF IMAGE-POTENTIAL STATES Finally, relaxation and dephasing processes occurring be-

tween surface electron states or surface and bulk electron

2PPE spectroscopy is mainly described in terms of thetates are accounted for by the damping Liouvillian operator
sole resonant processes which usually gives the main contii*, For our present purpose, the two surface systems of inter-

butions to the signal intensity detected in these experimentsst are the G100 and Ag100) surfaces. These two metallic

Then, time-dependent or energy-dependent calculations akgirfaces share the fact that the two-photon photoemission
carried out to simulate the cross-correlation functions or theyrocesses are initiated from an occupied bulk state below the
spectra of the photoemitted electrons. Basically, the descrigenergy level because there is no intrinsic surface state for
tion is done in terms of the dynamical equations obtainedhese surfaces. The electronic structure associated with both
from the Liouville equation of the density matrixt), surfaces can be schematically represented as shown on Fig.
3ot . 1, where the sequential process responsible for the photo-

p(t) 1 emission is indicated. Therefore, the corresponding Hamil-

ot~ pHotVUp(M]=Te(), 2D tonian driving the surface dynamics in these 2PPE experi-

. ) ) ments is usually restricted to a three-level system
of the surface system interacting with the pump and probe

pulsed fields described microscopically in the semiclassical L
approach, assuming the dipolar approximation. Therefore the Ho=Ep|b){b[+Ei[i){i[ +Ecle)(e], 2.3
interaction terms can be expressed as
where |b), i}, and |e) stand for the bulk state, the image
potential state and the photoelectron state, respectively.
Therefore, the inelastic and elastic processes taking place
(2.2) during the course of the experiments will be accounted for
by dephasing constants;,;, total decay rated’;; and
Here,u is the usual dipole moment operator that needs to b&',, ., transition ratd’,,;;, and the various pure dephasing
considered for the particular transition involved in the PTO'constantﬁ’ffi‘), Ffﬁs) and ri(g)_ All the other constants are
cess. It interacts with the electric field of the biexponentialnegligible and this is particularly true for the lifetime of the
laser pulset, being the pumping or the probing time and photoelectron state. In addition, all these quantities are re-
y, * the duration of the pump or the probe pulse, dependindated by the expressioli;j;; = [ Tjiii + ;i 1+ T for the
on whetherv=p or s, respectively. The quantitf(€,) dephasing constants and sum rules for the transition con-
stands for the amplitude of the pulse at frequefiy. No-  stants and total decay rates.

Viy=— 2 IL'[E(QU)E’intJrc.c.]e*%\t*t_v\_

v=p,s
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We focus on then=1, n=2, andn=3 resonances of the i
image-potential states of the (l®0) and Ag100) surfaces. - gL—F
Therefore the underlying dynamical process is clearly iden-
tified as a sequential population procéSsThis process The evaluation of5;;;; (t—1t") for the coherences is straight-
arises due to the population created in the image-potentidbrward becausé' is diagonal in the Liouvillian subspace of
state from the initial bulk state by the femtosecond pumpthe coherences so that
pulse and subsequently excited by the probe pulse to extract _ ) )
electrons from the surface. Here, we have no intrinsic surface Gijij (t—t)y=e it - jj (2.6
state, and there is no observation of resonant structure in t . ,
electronic spectra resulting from a possible coherent Com:i]ﬁowevgr, the spectral decompositidhy;; (t—t') for the
bution. The photoemitted electron population created by th _o_pulatlon I more intricate due to_the presence of the tran-
pulses from the bulk band states through the image—potenti§1Itlon constants _and requires Fhe d|agon%l‘|e|zat|on of the Zero-
state is evaluated for weak light beams by a fourth-orde rder Liouvillian in the population subspar n the particu-
perturbation expansion with respect\gt). Therefore, the ar case of our three-level system, we obtain
forma! expression for the population of photoemitted elec- £=0, &=Tpppe+Tiiis Es=0, 2.7
trons is given by

laa)y=E,aa)), a=123. (2.5

with the corresponding overlapings

p0=ge 3 [la [ [ o (edl33)((3dee)=1,
y tzdtheeee(t—u)LV . (it |1D)((11}ii )) =((bb|22))((22bb))
to eed =Tppob/ (TpppptLiiii ), (2.8)
X Gyrur(tsa=ta)Lirqp(ts) Gapadta—t2) ((ii|22))((22]ii })=((bb|11))((11|bb))
X L onaf12) Gomnnd ta— 1) Lo t1) pob(to) =Tyt /(Topost T )-

(2.4 Therefore, the evolution of the population is given by

wherepyp(tg) =1 with the system completely relaxed at the ,
initial time t, implying Gpppi(ts —to) =1. The various con-  Gyj; (t—t')=2, ((ii|99))ye " "N(99]jj)) V¥ (i,]),
tributions are associated to the combinations of indices v

shown in the following table: (2.9
where, for our system,
m n r u , 1 _ et
- - G (1=t ):W[Tbbbkﬁl“ime (Toppp* i (-1,
b i i i i e bbbb iiii
; (2.10
.b ! : ! e ! Geeedt—t')=1.
[ b i [ i e
[ b i [ e [

From the expressions of these matrix elements the determi-
nation of the surface electron populatipé";)(t) is readily
evaluated.

Here, the main difficulty lies on the analytical structure of ~ The five-wave mixing process quite generally reproduces
the laser pulse envelopes, which has been overcome in te two-photon photoemission process in which the extrac-
previous study of pumped sum-frequency generation involvtion of a surface electron is substituted by the emission of the
ing five-wave mixing processés.Here, LY(t)=[V(t),]is  coherentsignal. Here, in contrast, only two different probing
the interaction Liouvillian andG(t'—t")=exd—(i/A)(L  timest, and tg exist because the electronic population is
—iAlN)(t' —t")] stands for the free evolution Liouvillian. Their dependent on the interaction of the sample with both the
matrix elements are quite often expressed in terms of theijpump pulse and the probe pulse. Therefore, the evaluation of
spectral decompositions obtained in the Liouvillian eigen-the population of extracted electrons results from contribu-
state basis set. For our system, these states satisfy the eigéions of the different pathways described previously having
value problem the general form

t [ty (t3 (o — — — —
f J j dt4...dtleDnt4+C7yt3+Bnt2+A7/tle7ys|t47ts|773|t37ts|7Vp‘t27tp‘77p|t17tp| (21])
to/to Jtg 1o
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thann=2, and itself is smaller than=3. We will demon-

n= strate in the following that this discrepancy arises from the
fact that we have rejected the nonresonant contributions in
this preliminary description. This point will be considered in
the next section.

n= IIl. INFLUENCE OF THE INITIAL BULK
STATE DISTRIBUTION

For the present purposes, a number of experimental data
concerning both the laser pulses and the electronic surface
system are required. Since we are dealing with the two-
photon photoemission spectra performed by Shuetzagl.
n=1 the parameters of the excitation pulses are taken from Ref. 7.
To perform the simulations emphasizing the role of the non-
resonant process, the physical parameters characterizing the
k energy levels corresponding to the particular cases of the

Cu(100 and Ag100) surfaces are required. They are model-
02 04 06 08 1 12 14 16 18 2 ized by the general formula

2 PPE signal (arb.units)

Kinetic energy (eV)
FIG. 2. Variations of the 2PPE signal intensities obtained from E,=— Lz
our model by retaining the sole resonant contribution. The initial 16(n+a)
bulk state is chosen to assume resonant condition between the pump

field frequency and the transition between bulk state and image- . .
potential state. atk,=0 and witha the quantum defect of the corresponding

surface andR the Rydberg constant. These energies fit the

and only the constants of pathways 1 and 2 will be evaluatede,Xperimental measurements obtained from these surfaces

because the others can be deduced by simple complex cofjite well# Also,. the vacuum level energy is required. Al
jugation. Notice that if the argument of the exponential can1€S€ data are given below. _
To illustrate our purpose and stress the influence of the

cels, the limit has to be taken properly. Since we are inter-

ested in the determination of the number of electrons ejecte§Onreésonant contributions, we still need the coupling param-

from the surface at a given energy and in a given direction,eters' For the sake of simplicity, we first assume that all the

we only require the probability at long times. This probabil- €0UPlings are comparable. Later, we will discuss the particu-
ity is obtained as follows. The expression df)(t) is ob- lar case of the surfaces of interest here. There is a continuous
. e

tained by multiple time integration. We reject from this ex- distribution of initial bulk states that, at least in principle, can

pression the exponential time-dependent terms that go tgglrjtrlgfaftgr ;n it?een Sﬁ?nue?;?elr g:gﬁefgsi'ggc prgg;fj‘c’e's %fe
zero in the limitt—oo because their arguments are strictly ’ 9 pump q Y

: . . Lo : resonant contribution provided by the bulk state associated
negative. Otherwise, their contributions must be retained. Fi- . o X i
; ith the resonant excitation of the image-potential state, all
nally, the number of electrons that have been photoemitte .
e other bulk states contribute nonresonantly to the photo-

through the sequential process at long times is a function Cémission spectrum. While nonresonant contributions are gen-

(3.9

ts—tp and corresponds to erally quite small with respect to the resonant ones, we will
show in this section that the nonresonant contributions asso-

N(ts—tp)=lim pi2(t), (2.1  ciated with the continuous distribution of initial bulk states

t—oo modify substantially the spectrum of the image-potential

states obtained in a 2PPE experiment for the different image-
where the detailed expression is presented in the Appendiyotential states. Taking into account the continuous distribu-
As an example, we simulate in Fig. 2, the 2PPE spectrum adfion of initial bulk states, the cross-correlation function as
the CUW100 surface using the numerical values taken fromwell as the photoemission spectrum must now be summed
the experiments performed by Shumetyal.” The pump la-  over the initial distribution and can be obtained from
ser beam has been chosen to be resonant with the bulk and
image-potential state transition. The electronic 2PPE spec-
trum exhibits three resonances associated with the image- S @
potential statesi=1, 2, and 3. While the location of the N(ts_tvakin):f dEyo(Ep)pee (t—»), (3.2
energies of these resonances is correct, we observe a com-
plete inversion of their magnitudes with respect to the ex-
perimental data, showing that the resonaneel is smaller where o(E,) represents the density of initial bulk states.
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b)

a) n=1 (arb. units ) n=

FIG. 3. We fit the experimental
2PPE signal intensity versus the
pump-probe delay time obtained
by Shumayet al. (Ref. 7 for the
n=1 resonance of the CLO0
surface. From the evaluation of
the dynamical constants obtained
for n=1 and the measured life-
times of the image-potential states
n=2 and 3, the spectra of the
photoemitted electron versus their

n=2 kinetic energies have been deter-
n=3 mined for these image potential
states.

2 PPE Signal (arb. units)

02 04 06 08 1 12 14 16 18 2

100 200 300 400

Aps () Kinetic energy (eV)

Since the distribution of initial states is specific from the of the Cu100 surface, the vacuum energy B acuum
bulk, these are similar for the three resonances and will not-4 63 ev, and the various image-potential state energies
affect the relative contributions of the 2PPE resonance SP€Grre, atk,=0, E;=4.06 eV, E,=4.45 eV, andE;=4.55 eV
tra. T_hereforg, we have chosen a s_lmple un_lform dlstr|_bL_Jt_|onfOr the three first image-potential states-1, 2, and 3, re-
It. |s_|nt<_erest|ng to note that thg mtroducnon_ of an initial spectively. All the energies are defined with respect to the
distribution of states has previously been introduced by-q i jevel.
Klamroth, Saalfrank, and Her in a different approact?. The time- and energy-dependent cross-correlation curves

Besides the determination of the dynamical constants, Wgpisined by 2PPE spectroscopy are represented on Fig. 3. By
want to emphasize the high sensitivity of the surface electrofhroqucing a continuous distribution of bulk states, we have
spectra of C(00) and Ag100) to the nonresonant processes g, g|yated the cross-correlation function to fit the experimen-
g'ithcggpfzke platce during the qourste of af2PPI3 fﬁ’&;me%l data obtained fon=1 on the C(100) surface. It gives

0 spectroscopy experiments performe 1 A a1

and Ag100) surfaces present some similarities because nonf'® Valued'111,=35.7 fs,I{y "=20fs,I'Y =200fs, and
of these surfaces have an occupied intrinsic surface state lj-he =50 fs. Notice that the value of the image-potential
ing below the Fermi level. Therefore, the sequential processtate lifetime has to be compared to that of 40 fs obtained by
leading to the photoemission process starts, in both caseShumayet al,, by neglecting the influence of the duration of
from an initial distribution of the bulk state, enabling a uni- the pulsed excitation, which is far from being negligible in
fied description of these experiments. Also, both experimenttheir experiment.
have been realized with uv-pump and ir-probe laser beams at In addition, from these simulations, we observe that the
energies ofiw,=4.71 eV andi ws=1.57 eV, with pulse du- influence of the pure dephasing constafif§ andI'{{) is
rations of 90 and 70 fs, respectively. For the particular casguite weak on the 2PPE spectrum. Taking advantage of these

a) n=I (arb. units) b) n=1
@ FIG. 4. As done in the previ-
E ous figure, we fit the experimental
= 2PPE signal intensity versus the
' pump-probe delay time obtained
8 by Shumayet al. (Ref. 7 for the
g n=1 resonance of the Ag00)
S surface. Again, on the right side of
L0 the figure, by using the values of
@ the dynamical constants, we simi-
E larly reproduce the spectra of the
Ay photoemitted electron as a func-
N tion of their kinetic energies for
the image potential states=1, 2,
and 3.
02 04 06 08 1 12 14 16 18 2

00 200 300 400

Aos (f5) Kinetic energy (eV)
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n=1 It is interesting to note that Klamroth, Saalfrank, and
Hofer'® have recently analyzed the experimentally energy-
ﬂ resolved 2PPE signals at zero delay time between pump and
} probe pulses with respect to both the full dissipation model
and the wave-packet model. From their analysis, it appears
that the theoretical evaluation leads to an underestimation of
the resonance=1 with respect ton=2, even if the reso-
nance peak fon=1 is nevertheless higher then that rof
=2. In fact, in their approach, the distribution of the initial
bulk states is accounted for by averaging over 17 bulk states.
It seems to us that the discrepancies of thel peak size
n=3 arise from an underestimation of the number of initial bulk
= states since, as we can see from our simulation on Fig. 5, for
the peak sizes of the resonances have not reach the limiting
values for this amount of initial bulk states. Therefore, these
T results obtain by Klamroth, Saalfrank, andfeloconfirm our
Kinetic energy (eV) T2 observation of high sensitivity of the photoemitted resonance
Number of bulk states structure with the distribution of initial bulk states. Finally,
we want to mention that similar evaluations can be made
FIG. 5. We analyze the relative magnitudes of the various resoffom the phenomenological coupling structufg~(n
nancesn=1, 2, and 3, as a function of the number of initial bulk +a)*3’2 used by Klamroth, Saalfrank, and féo and ini-
states contributing to the nonresonant transitions. We observe tally introduced by Heer et al® While this analytical depen-
complete inversion of the peak sizes for increasing values of thelence tends to reduce the relative size of the peak reso-
number of bulk states. nances, the effect is still present.

2 PPE Signal (arb. units)

IV. CONCLUSION
physical parameters the 2PPE spectral distribution of the

photoemitted electrons has been evaluated as a function %e two-photon photoemission spectrum with the density of

the kinetic electron energy given bE.=fws— (Eyacoum oo . .
_E,). Because of the lack of experimental data on the|n|t|al bulk states. Starting from a single bulk state, we have

cross-correlation functions for=2 and 3, the 2PPE spectral shown that the magnitude of the various resonances can be

distributions for these two last image-potential states hav %rigpggzh/ 'gg;r;?‘dstr';t\gse t;]ne::trﬁzzﬁjetzihzur”e(sifna;it ?:(e)ﬂ?rlltl))/u
been obtained using the energies and total decay rates op- y

tained from the experiment of Shumay al. Their spectra ion participating in the 2PPE process, all the initially popu-

are drawn in the same figure together with 1. We recover lated bulk states participating in the population of the image-

the correct ratio for the peak intensities of the three reso.pommi"’lI state through nonresonnant transitions play an

nances. A similar evaluation has been done for thé18g important role and contribute efficiently to the photoemitted

surface. The corresponding cross-correlation function an§ lectron spectra. This result suggests that a proper determi-

. . . nation of the relative contributions to the various resonances
the spectra are represented in Fig. 4. Again, the cross-

correlation function for the image-potential staie=1, as associated with the different image-potential statesl, 2,

well as the spectra associated with the three first image"zlnd 3, has to be done carefully. It requires a precise evalua-

potential statesi=1, 2, and 3, has been obtained. The life- tion of the distribution of bulk states participating in the

T 21 . .~ photoemission process. While the particular cases of the
time is nowI";5,=43.5 fs versus 55 fs, while the dephasing Cu(100 and Ag100 two-photon photoemission spectra

constant corresponds tB{) '=20fs, 'Y '=20fs, and have been considered here, the problem is quite general in
r'{¥ "=50fs. To illustrate the importance of the density of this type of spectroscopy.

initial bulk states on the peak ratio of the various resonances, It will be interesting in the future to have more experi-
we have drawn the photoemitted spectra as a function of th@ental information on the cross-correlation functions of the
electron kinetic energy for different numbers of initial bulk different image-potential states to correlate the magnitude of
states. This is shown in the Fig. 5, where the underestimatiothe pics to the lifetime, which is from our analysis the domi-
of the resonances associated with the first image-potentilant parameter for the magnitude of these resonances.
states is stressed. We see that increasing the number of initial
bulk states results in the increase of the resonaneek and

2 at the expense of the resonamce3. Notice that the simu-
lation has been done for numerical values of the parameters We introduce here the detailed expression of the number
corresponding to the case of the (C00 surface. of detected photoelectrons:

In this work, we have emphasized the high sensitivity of

APPENDIX
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5 J—
N(ts—tp)=2 Reﬂ:E12 ﬂZg S,(9,0) —le D;,e2%(C,+d5,— v9) H(T5,.D,+C,+d; —2v)
5

+,821 DE”eZ}’Stq (Ts>picn+ d;n_ ¥s)l (Ts>p'D77_ Ys) — D1<77| (Ts<va7]+ d1<7/+ sl (t_s D 7 Ys)

+D5,e 2I(T5,,C,+dy, + ¥ H(ts— 1)) (ts,t,,D )+ v + D56 2%'(C +d5,+ ¥5) “H(T5,.D,+C,
+d5,+27ys) — D1, €2"SH (1~ tg)J(t,,ts,C o+ di, = ¥9) 1 (T, D, — y9) + DI,e2%8(C +d5, — v " H(t,
—t9)d(tp,t5,D,+C,+d7, —275) —D1,€27sI (t5,C, +d7, — ¥ H(tp— ) I(ty ts,D )= 7o)

5 5

_,321 D H(ts—tp)d(ts,tp,C,+ 5, +¥9)I (ts,D,— o) +/321 Dj,e 2%'(C,+dg, +vs) H(ts,t,.D,

5 —
+C,+dj, + zys)—ﬁz)l D, 27 sH(ts— tp)I(t,,C,+d5,+ 79 I(ts,tp,D )+ ¥9) [, (Al)

where the auxiliary functions 7,A) = exp(A7)/A as well asl( 7, 7,,A) =[ expAr)—exp@r,)]/A have been introduced. Also,

Re corresponds to the real part and the symf@,§and TS<p stand for the higher and the smaller valuest_gfandﬂ,
respectively. All the constants arising from the successive integrations are given by

Py, =€l (A,+ ) —MBI(A,~y,),  PT,=0,
anzeypt_p/(An—yp), P2, =A,~ Yp
P, =€ WA, T ¥p) P =A,t Ve,
as well as
D;,=P5,e "l (ty,B,+p5,+7p), di,=0,
D;n:Pl>nert—p(Bn+pl>n_7D)71’ d2>,7=B,]+p1>,,—yp,
D;]:P2>ne7pt_p(B,]+p2>,]—yp)’1, d??n:Bn+p2>n_7p’
Dzn:_aneyp?pl(t_p'Bn"'an_79)' dfﬂzo,
DZ,=—P;,el(tp,B,+p;,~ vp), d2,=0,

Dl<n: ane‘ 7oto(B, + pl<,7+ ve) L, d1<,/= B,+ p1<,7+ Yp-

Finally, the various constants associated with the time integréfidrl) for the first and the second pathways shown on the
previous table are defined below. They correspond to

Si(9,0)=((ed §9))((99]e&) pie- E(— Qo) prei- E(Q (1T [£O)((L11T)) prsi E(— Q) pis- E(Qy),
Si(9,0)=—ry,
Di(3,0)=ry+iQs—iwei—ejei,
Co(,0)=iwei+ Teioi— QT
B1(9,0)=r;+iQy—iws— s,
A(9,0) =i 0+ Tigs—i1Q,p,
So(9,0)=((ed 3))((IV|e) pei- E(Qs) ptie- E(— Qo) {((iT [N LL]iT)) psi- E(— Qp) pis E(Qp),
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Sz(ﬂ’é’):_r’al
Do(3,0)=ry—1Qs—iwje— Tige,
Cz(ﬁag):iwie+rieie+iQs_rga

Bz(ﬁag)zrg'i'iﬂp_iwis_FiSiSv

Az(ﬁrg):iwis+risis_i9p- (A2)
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