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Ultrafast Depopulation of a Quantum Dot by LA-phonon-assisted Stimulated
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We demonstrate ultrafast incoherent depopulation of a quantum dot from above to below the
transparency point using LA-phonon-assisted emission stimulated by a red-shifted laser pulse. The
QD is turned from a weakly vibronic system into a strongly vibronic one by laser driving which
enables the phonon-assisted relaxation between the excitonic components of two dressed states. The
depopulation is achieved within a laser pulse-width-limited time of 20 ps and exhibits a broad tuning
range of a few meV. Our experimental results are well reproduced by path-integral calculations.

The exciton-phonon coupling in semiconductor quan-
tum dots (QDs) has attracted much interest due to
its importance both in fundamental physics and in
semiconductor-based quantum technologies ﬂ—@] It has
been known for some time that QDs can be excited by
phonon-assisted transitions when the laser is detuned
within the phonon sideband [5]. Very recently, it has
been shown that population inversion can be achieved
under these incoherent pumping conditions in the strong
driving regime |. However, the opposite process in
which an exciton in an inverted QD is de-excited with
the assistance of longitudinal acoustic (LA) phonons has
yet to be investigated. This process could be important
for the development of tunable single QD lasers m, |E]
or of QD single-photon sources in cavities with improved
timing jitter [1, 16, [1§)].

The significance of the LA phonon-assisted de-
excitation process can be appreciated by comparing it to
the conventional understanding of inverted 2-level sys-
tems. Consider a quantum dot in which population in-
version has been created as shown in Fig. [l(a). A res-
onant laser pulse that is short compared to the sponta-
neous emission time, but long compared to the coherence
time will only drive the system towards the transparency
point, never crossing it due to the equal cross sections of
stimulated emission and absorption [see Fig.[II(b)]. How-
ever, if the dot is coupled to the lattice, stimulated emis-
sion can be induced by a red-shifted pulse via phonon
emission, provided that the temperature is low enough
that phonon absorption is weak [see Fig. [[l(c)]. The de-
coupling of stimulated emission and absorption enables
depopulation of the inverted 2-level system to below the
transparency point before spontaneous emission occurs,
which is impossible for exactly resonant excitation in the
incoherent limit. This process is fundamentally different
to conventional vibronic systems - e.g. Ti:sapphire @] -
in that the phonon coupling is weak at low light inten-
sities, and only becomes effective at high optical pow-
ers during a strong laser pulse. In this sense, the new
mechanism can be regarded as de-excitation by dynamic
vibronic coupling.

In this Rapid Communication, we demonstrate the LA-
phonon-assisted stimulated emission (LAPSE) process by
using a red-shifted laser pulse to incoherently de-excite an
inverted quantum dot to below the transparency point.
The time dynamics indicate that the depopulation occurs
in 20 ps, limited by the laser pulse width. We show
that the process occurs over a broad tuning range of ~
4 meV (in contrast to the fixed frequency of resonant
excitation) and that the results are in a good agreement
with path-integral calculations @] The new mechanism
provides a route to ultrafast reset of an excited quantum
dot, which should be important for quantum photonic
systems incorporating dots as the nonlinear element.

Our experiments are performed on a device consist-
ing of InGaAs QDs embedded in the intrinsic region of
an n — i—Schottky diode. The sample is held at T" =
4.2 K in a helium bath cryostat. The excitation laser
pulse is derived by spectral shaping of the output from
a mode-locked Ti:sapphire laser with repetition rate 76.2
MHz. The spectral FWHM is 0.2 meV for the m pulse
in all measurements and 0.2 or 0.42 meV for the red-
shifted laser pulse, corresponding to a Fourier transform
limited pulse duration 71, of 16.8 or 8 ps. 7y, is defined
as the FWHM of the electric field envelope. The exci-
ton population created by the circularly polarized laser
pulse is determined by measuring the photocurrent (PC)
generated when a reverse bias voltage is applied to the
diode ] More details of the sample and experimental
setup can be found in refs.

A phenomenological description of the LAPSE process
is as follows. Assume a QD is initially in the exciton
state. A strong laser pulse red-shifted relative to the
exciton state by AA leads to the recombination of the
exciton and the emission of a phonon and photon illus-
trated by thick down arrows in Fig. [[(c). To fully un-
derstand the underlying mechanism, we use the dressed
state picture [see Fig.[I(d)]. In the rotating frame, the
crystal ground state |0) and the incident laser field are
treated as one state: |Og). The exciton state |X) and
the laser field with one photon less are treated as |Xg).
The relative energies of the two states are shown by the
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FIG. 1. (a-c): Difference between resonant incoherent pump-
ing and red-shifted incoherent pumping. (a) A 2-level system
is initially inverted (C2 > C1). C; denotes the population of
the i*" state. (b) Resonant incoherent pumping induces ab-
sorption and SE with equal cross sections (012 = 021), moving
the system towards transparency (C1 = C2). o denotes the
absorption/stimulated emission cross section. (c) If pumped
by red-shifted incoherent excitation, C2 can be almost com-
pletely depleted as the red-shifted laser mainly induces SE
(UTf? < U%lA) Absorption hardly occurs due to the lack
of additional phonons at low temperature. (d) The mecha-
nism of the LA-phonon-assisted SE and absorption explained
in the dressed-state picture. |Or), |Xr): uncoupled ground
state and exciton state viewed in the rotating frame. |a), |3):
optically dressed states split by the effective Rabi energy hA.

dashed/dotted lines in Fig.[Id) as a function of the laser
detuning AA = hA(wx — wy,), where wy and wy, are the
angular frequencies of the exciton transition and laser,
respectively. Since |Ogr) and |Xg) are admixed by the
laser field, the eigenstates of the system become two new
optically dressed states |a) and |B), spht by the effec-
tive Rabi energy hA(t) = hy/A? + Q(¢)?, where Q is the
Rabi frequency for resonant exmtatmn proportlonal to
the electric field amplitude E. The dressed state ener-
gies are shown by the thick solid lines in Fig. [d) and
the color gradient illustrates the excitonic contribution to

the corresponding states. Owing to their excitonic com-
ponents, |a) and |3) are coupled by LA-phonons via the
deformation potential [25].

In the LAPSE process, the QD is initially in the |Xg)
state. By applying a red-shifted laser pulse (A < 0), the
phonon-assisted relaxation channel is activated and the
system relaxes from the higher-energy more exciton-like
state |a) to the lower-energy more ground-state-like state
|3) by emitting phonons with an energy of A [see red ar-
row in Fig.[I(d)]. If the phonon relaxation is fast enough,
the system will reach thermal equilibrium between the
two dressed states during the laser pulse. At low tem-
peratures (kg1 < hA) the lower dressed state |3) will be
occupied predominantly and approaches |Og) when the
laser field is switched off ﬂﬁ Inverting the sign of the
laser detuning hA leads to the opposite process: the cre-
ation of an exciton by absorbing a photon and emitting a
phonon [7, [10-13] [see blue arrow in Fig. @(d)]. Here we
note that LAPSE is fundamentally different from existing
depopulation schemes, such as coherent control schemes
[21, 28] and adiabatic rapid passage protocols [29-131] in
which exciton-phonon coupling is usually a hindrance,
whereas LAPSE is enabled by the exciton-phonon inter-
action.

To demonstrate the depopulation of a QD from above
to below the transparency point, we first resonantly
pump the QD to the exciton state at ¢ = 0 using a laser
pulse with pulse area © = 7 [see Fig. [2(a)]. © is defined
as (ux/h) f+oo E(t)dt and was determined from a Rabi
oscillation measurement at hA = 0 meV ﬂﬁ M X
is the optical dipole matrix element for the |0) — |X)
transition. The black line in Fig. 2(b) shows a PC spec-
trum measured as a function of the detuning of the 7
pulse. The peak at zero detuning corresponds to the
|0) — |X) transition. Its amplitude PC:X corresponds
to an exciton population of 1. Next, we apply a strong
red-shifted pulse (FA = —0.7 meV, © = 5.257) to de-
populate the inverted QD. In the text below, we call this
red-shifted laser pulse the “LAPSE pulse”. To maxi-
mize the efficiency of LAPSE, the width of the LAPSE
pulse should be spectrally broad to cover as many phonon
modes as possible, whereas the pulse duration 71, needs
to be long enough for the dressed states to complete
the phonon-assisted relaxation. To fulfil both conditions,
consistent with theory, we set the FWHM and 71, of the
LAPSE pulse to 0.42 meV and 8 ps. The red line in
Fig. 2I(b) shows the PC spectrum measured in the pres-
ence of the LAPSE pulse. The peak at hA = —0.7 meV
is due to the interference between the 7 pulse and the
LAPSE pulse. The reduction of the amplitude of the
exciton peak PC’2pulsc relative to PCX directly demon-
strates the depopulation of the exciton state. In the PC
measurement, the total population of the ground state
and exciton state Cropar drops to 0.88 at the arrival of
the LAPSE pulse due to the electron tunnelling out from
the QD during the delay time Tgclay = 7 ps; therefore the
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FIG. 2. (a) Scheme of the two-pulse measurement. The QD is excited to the |X) state by a m pulse at ¢ = 0 and then

depopulated by a red-shifted laser pulse (LAPSE pulse) after 7Tdeiay-

(b) Black: PC spectrum measured only with a 7 pulse

(FWHM = 0.2 meV, 7, = 16.8 ps). Red: Two-pulse spectrum measured in the presence of a —0.7 meV detuned LAPSE pulse
(FWHM = 0.42 meV, 7, = 8 ps, © = 5.257, Tdelay = 7 DPS). PCX and PC’Q};ulse denote the amplitude of the exciton peak in

the single-pulse and two-pulse spectra, respectively. The background of the PC spectra have been removed.

(c) Remaining

exciton population Cx after the LAPSE pulse versus the pulse area ©. LAPSE pulse: hA = —0.7 meV, FWHM = 0.2 meV,
7L, = 16.8 ps, Taelay = 8 ps. Cx is deduced according to: Cx = e Tdelay/Te _ (1- PCQPHISC/PC ), where 7. is the electron
tunnelling time [see details in Ref. .] Inset: Calculated exciton-phonon coupling spectral density J(A).

transparency point defined as Crotar/2 is shifted to 0.44
[see details in ref. [25]. The fact that PC’QXHISe < 0.44PCX
proves that the inverted QD is depopulated below the
transparency point.

Fig. 2lc) shows the remaining exciton population ob-
tained after the LAPSE pulse versus the pulse area ©. In
order to improve the spectral resolution and the signal to
noise ratio, in the following measurements we reduce the
FWHM of the LAPSE pulse to 0.2 meV. It can be seen
that C'x decreases with the increase of © as predicted by
the simulation in Fig. @(b) and crosses the transparency
point at ©® > 6.257. The minimum Cx measured here
is limited by the laser power available in our setup. The
efficiency of the LAPSE process strongly depends on the
pulse area because the laser detuning and power deter-
mine the effective Rabi splitting AA that needs to be in
resonance with the phonon environment for an efficient
phonon-assisted relaxation to occur [35]. Fig. B(c) inset
shows the calculated exciton-phonon coupling spectral
density J as a function of the effective Rabi splitting:
J(A) = > g al?d(A — wq), where 74 is the exciton-
phonon coupling and q is the wave vector of bulk LA
phonons [see details in Ref. @] Here it becomes clear
that the QD can be dynamically turned from a weakly
vibronic system into a strongly vibronic one by laser driv-
ing when hA approaches 2 meV.

We next investigate the time dynamics of LAPSE by
measuring PCQPHISc /PCX versus the delay time between
the 7 pulse and the LAPSE pulse [see red circles in
Fig.[B]. At negative delay time, the LAPSE pulse arrives
before the exciton is created by the 7 pulse and there-
fore cannot depopulate the exciton. The signal (~ 0.9)
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FIG. 3. Time dynamics of the LAPSE process. Red circles:
PC’gfmlse/PCff measured as a function of 7Tgelay under the
same condition as Fig. IZKC) Tdelay = 'LAPSE — tr, Where
trapse and t, are the arrival times of the LAPSE pulse and
the 7 pulse. The pulse area of the LAPSE pulse is 5.257.
Black line: Numerical simulation. Inset: Excitation scheme.

is not exactly 1 as the red-shifted LAPSE pulse can also
create excitons with very small probability by absorb-
ing phonons at 7" > 0. When the 7 pulse overlaps with
the LAPSE pulse, PCé)fmlsc decreases to a minimum from
Tdelay = —10 to +10 ps, indicating that the LAPSE pro-
cess can be as fast as 20 ps. The signal then slowly re-
covers due to the electron tunnelling before the arrival of
the LAPSE pulse. The electron tunneling time &5 ps) is

measured using inversion recovery techniques [24]. The



depopulation time is determined by the laser pulse width
and in principle can be further reduced by using shorter
laser pulses which however can diminish the efficiency of
the LAPSE process when there is not enough time for
the phonon-assisted relaxation to complete , @] In
ref. [10 it is found that a pulse duration of about 10 ps
is sufficient for the QD to reach thermal equilibrium be-
tween the two dressed states [see Fig. [II(d)].

To further verify our understanding of the time dy-
namics of LAPSE, we have performed path-integral cal-
culations based on a model of a laser-driven QD cou-
pled to LA phonons [see details in ref. [25]. The electron
tunnelling occurring during the PC measurement is inte-
grated as a Lindblad-type relaxation term into the path-
integral approach without taking away the numerically
complete treatment that includes all multi-phonon pro-
cesses and non-Markovian effects. The calculation (black
line) well reproduces all the features observed in the ex-
periment, proving that the decrease of the PC signal is
indeed caused by LAPSE.

By contrast to the fixed frequency of stimulated emis-
sion under resonant excitation, LAPSE can occur within
a broad tuning range. To demonstrate this tunability,
we measure the decrease of exciton population caused by
a LAPSE pulse as a function of the laser detuning AA
[see Fig. @(a)]. In this measurement, a 7 pulse creates
a reference PC level [dashed line in Fig. @(a)] by reso-
nantly pumping the QD. The reference level corresponds
to an exciton population of 1. Then we apply a LAPSE
pulse to depopulate the exciton state and measure the
PC signal as a function of the laser detuning. To iso-
late the signal of the QD under study from other QDs
in the sample, a reference spectrum is measured with
only the LAPSE pulse and subtracted ﬂﬁ] The colored
lines in Fig. Ml(a) are the differential spectra APC' mea-
sured at different pulse areas. The dip at zero detuning
corresponds to the resonant transition between | X) and
|0). The reduction of the PC signal at negative detuning
originates from the LAPSE process. The broad tuning
range (~ 4 meV) is clearly demonstrated by the negative
sidebands. The good agreement between the experimen-
tal result and the path-integral calculations (black lines)
supports our interpretation.

Although the shape and amplitude of the sidebands
shown in Fig.Hl(a) are primarily determined by the spec-
tral dependence of the exciton-phonon coupling shown in
the inset in Fig. 2c), the differential spectra APC' are
also slightly influenced by the exciton depopulation due
to electron tunnelling and the shape of the subtracted
reference spectra ﬂﬁ] To obtain more insight into the
spectral dependence of LAPSE, we calculate the remain-
ing exciton population obtained after the LAPSE pulse
without taking into account the electron tunnelling and
subtraction of the reference spectra. This simulation di-
rectly shows how the probability of LAPSE depends on
the laser detuning [see Fig. Flb)]. Furthermore the sim-
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FIG. 4.  Tunability of the LAPSE process. (a) Diffiren-

tial photocurrent spectra measured by pumping the QD res-
onantly with a 7 pulse and then depopulating the exciton by
applying a LAPSE pulse at different detunings and pulse ar-
eas. To isolate the signal of the target QD from other QDs in
the same sample, a reference spectrum where only the LAPSE
pulse is applied is subtracted. Tqelay = 17 ps. Solid black lines:
simulation. (b) Calculated phonon sideband without taking
into account the electron tunneling and the subtraction of the
reference spectra.

ulation for ® = 7.357 clearly shows that the inverted
QD is depopulated to below the transparency point at
hA ~ —0.7 meV.

In conclusion, we have demonstrated the ultrafast de-
population of a QD from above to below the trans-
parency point using red-shifted incoherent excitation via
LA-phonon-assisted stimulated emission. The depopula-
tion time (~20 ps) is determined by the laser pulse width,
making it possible to reset a QD exciton much faster than
the speed limitation imposed by the exciton lifetime. Due
to the broadness of the phonon sideband, this scheme can
occur in a tuning range of a few meV and may form the
basis of tunable single QD lasers. Additionally, it can be
potentially used for ultrafast optical switching @, 136
], semiconductor optical amplifiers ] and precisely
controlling the emission time of a single photon source in
cavities [1, 16-18].
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I. THEORETICAL DESCRIPTION OF A DRIVEN QD

To model the optically driven quantum dot (QD) coupled to longitudinal accoustic (LA) phonons we use the
Hamiltonian [1]:

H = Hgp_tight + HQD—phonon, (S1)
where
Hap-tight = hwi | X)(X|+ (52)
P oy xjernt + 1) 0le ), (59)
and
HQb—phonon = Z hwq bqu+Z h("Yqbq+’Y;bL) | X)(X]. (54)
q q

liw% denotes the transition energy between |0) and |X) states. Q(¢) denotes the Rabi frequency proportional to the
electric field envelope of a circularly polarized laser pulse. We refer to the difference between the laser frequency wr,
and the exciton energy by A = wy, —wx, where wx is the frequency of the single exciton resonance deviating from w$
by the polaron shift resulting from the dot-phonon coupling in Eq. (S4]). b:& and bq are the creation and annihilation
operators for a LA phonon with wave vector q and energy fuwqg. A linear dispersion relation wq = ¢,|q| is assumed,

where ¢, denotes the speed of sound. The phonons are coupled to the QD via the deformation potential and the
lal

exciton-phonon coupling is expressed by vq = Taver (De¥¢(q) — Du¥"(q)), where p denotes the mass density of
the crystal, V' the mode volume, D,/ the deformation potential constants, and we/ h(q) the form factors of electron
and hole, respectively. We assume the system to be initially in a product state of a thermal phonon-distribution
at 4.2 K and a pure ground-state of the electronic subsystem. For bulk LA phonons coupled via the deformation
potential we obtain for a parabolic confinement E]

w3 2 2, 2 2 2, 2\12
J _ |:D (—w ae/4'uc) -D (—w ah/4'uc) ) S5
() 4r2phod L° € b€ (85)

We use the same material parameters given in ref. [I for GaAs, which are: p = 5370 kg/m3, ¢, = 5110 m/s,
D, = 7.0 eV, and Dy = —3.5 eV. The electron and hole confinement lengths a./, are used as fitting parameters
obtained from ref. [1: a. = 4.5 nm, a, = 1.8 nm.

To also take into account the electron tunneling during the photocurrent (PC) measurements in the time-dependent
path-integral simulation, we add to the two QD levels |0) and |X) a third electronic level |h) accounting for the hole
state remaining after an electron tunnels out from the QD. The hole tunneling time is significantly longer than the
measurement time and therefore does not need to be included. This third level is hence only coupled to the exciton
state |X) and the relaxation from |X) to |h) is modelled as it is done in the Lindblad master equation approach [3].
The relaxation rate is given by the measured electron tunneling time of 55 ps. Details of the incorporation of the
Lindblad relaxation within the path integral approach will be given elsewhere. When the simulation time is sufficiently
long to complete all relaxation processes the measured PC signal PC3, ., and PC;X [see Fig. 3 in the main text] can
be directly compared with the occupation of the |h) state, because it is a direct measure for the electrons tunneling
out of the QD and hence must be proportional to the induced PC.
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II. DETERMINING THE PULSE AREA BY RABI OSCILLATION MEASUREMENT
The pulse area © of the laser pulse can be determined from the Rabi oscillation measurement. Fig.[S1la) shows the
PC spectra of a QD measured as a function of the laser detuning. The peak at 0 detuning corresponds to the neutral
exciton transition. Then we measured the PC as a function of the laser power at detuning = 0 meV. The data in
Fig. [STi(b) shows the Rabi oscillation of the exciton population after subtracting a PC background increasing linearly
with the laser power. The laser power at the first maximum of the Rabi oscillation corresponds to a m pulse. The
peak amplitude of the PC spectrum of the QD measured with a 7 pulse corresponds to an exciton population of 1.
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FIG. S1: (a) PC spectrum of a QD measured as a function of the 7 pulse detuning. (b) Rabi oscillation measured as a function
of the square root of the laser power at detuning = 0 meV.

IIT. EFFECT OF ELECTRON TUNNELLING ON MEASURED VALUES OF Cx

In the two-pulse measurement shown in Fig. 2 in the main text, the remaining exciton population C'x obtained
after the red-shifted laser pulse (LAPSE pulse) is deduced in the following way. At ¢t = 0, the 7 pulse creates an
exciton population of 1. Then the exciton population decays exponentially since the electron tunnels out from the
QD with a tunneling time 7.. The hole tunnelling and exciton radiative recombination are neglected because the hole
tunnelling time 7, (few ns) and the exciton radiative lifetime (~ 600 ps) [1] is significantly longer than 7, (55 ps)
and the delay time Tgelay (7-17 ps) between the 7 pulse and the LAPSE pulses. At t = Tqelay When the LAPSE pulse
arrives, the exciton population is reduced from e~ aav/7 to C'x by the LAPSE pulse via phonon-assisted stimulated
emission. Since the amplitude of the measured PC signal is proportional to the time-integrated exciton population
created by the two pulses, the change of the exciton population AC induced by the LAPSE pulse is proportional to
the reduction of the PC signal PC’Q)}(mlsc measured in the presence of the LAPSE pulse relative to PCX measured with
only a 7 pulse [see Fig. 2(b) in the main text]:

AC = e T /Te — Oy =1 — PCyy 00/ PCY. (S6)
Hence we obtain:
CX = edeemy/Tc - (1 - PCQ)faulbe/PCT)r() (87)

The transparency point Crp(t) of the QD at ¢ = Tqelay is defined as half of the total population of the ground state
and exciton state, thus we have Crp (t = Tgelay) = ¢~ Tdelay/Te /2.



IV. DIFFERENTIAL PHOTOCURRENT MEASUREMENT

The differential PC spectra APC shown in Fig. 4 in the main text were measured in two steps. In the first step,
a two-pulse spectrum is obtained by pumping the QD to the |X) state using a circularly polarized resonant 7 pulse
and then measuring the PC as a function of the detuning of a strong laser pulse (LAPSE pulse) applied after a delay
time Tqclay. The exciton prepared by the 7 pulse is expected to be deexcited via LAPSE when the depopulation pulse
is negatively detuned (A < 0). This can be seen in Fig. [S2[(a) which shows the simulated exciton occupation of a
single QD obtained after the two pulses. However, in practice the phonon sideband in the negative detuning region
is overlaid by the PC signal from nearby QDs in the same sample (not shown). In order to isolate the PC signal of
the dot under study from that of the other QDs, in the second step a reference spectrum was measured by scanning
the detuning of only a LAPSE pulse. The calculated exciton occupation is shown in Fig. [S2[b). Since the signals
from the other QDs are present in both the two-pulse spectrum and the reference spectrum, they can be removed by
subtracting the two spectra from each other. Fig.[S2|c) shows the measured differential PC spectrum (red line) and
the simulated spectrum (black line) obtained by subtracting the reference spectrum from the two-pulse spectrum.
The calculated exciton population can be directly compared with the measured differential PC spectra by multiplying
the exciton population with the amplitude of the exciton peak PCX measured with a 7 pulse as shown in Fig. 4(a)
in the main text. The sideband feature in the negative detuning region corresponds to the deexcitation of the exciton
by the LAPSE process.
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FIG. S2: (a) - (¢): Simulated single-QD spectra illustrating the steps of the differential PC measurement. (a) Exciton
occupation as a function of the detuning of the LAPSE pulse which is applied after a resonant 7 pulse and a delay time
Tdelay; (b) Exciton occupation obtained by scanning the detuning of only a LAPSE pulse; (c) Differential spectrum obtained
by subtracting the spectrum in (b) from that in (a). Red line: measured differential PC spectra. © = 7.35 7. Tdelay = 17 ps.
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