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Precise understanding of the Coulomb interaction between single electrons is vital to achieve accurate
single-electron control toward quantum current standards and quantum information processing. Since the
strength of the Coulomb interaction increases with decreasing distance, a collision experiment of single
electrons would be an ideal way to investigate it. It would be useful to study such a Coulomb collision
in silicon single-electron pumps, which can accurately transfer single electrons one by one, while silicon
systems have not been used for making Coulomb collisions at the single-electron level. Here, we made
two series-coupled tunable-barrier single-electron pumps in silicon and used one to inject a hot single
electron into the other pump in each pumping cycle. The hot single electron collides with a cold single
electron confined in the other single-electron pump. We observed a current flow due to ejection not only
of the hot single electron but also of the confined cold single electron. The latter leads to an excess current
at a current plateau at a certain voltage range. We also found that increasing the number of cold electrons
from one to two increased the cold-electron current by at least twofold. These results can be explained
by a charging effect due to the Coulomb interaction. This observation is valuable to understand single-
electron dynamics in the silicon single-electron devices toward accurate current generation and quantum

manipulation of flying single electrons.
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I. INTRODUCTION

A single-electron (SE) pump using a clock-controlled
dynamic quantum dot (QD) can accurately emit hot elec-
trons one by one [1]. It can be used for applications
to quantum current standards [2,3], quantum information
technology [4,5], quantum sensing [6], and electron quan-
tum optics [7,8]. An attractive device toward these goals is
a silicon tunable-barrier SE pump, as it is capable of high-
accuracy and high-speed operation [9,10] even at a liquid
helium temperature [11]. However, there is still a need for
investigating device reproducibility in terms of the pump-
ing error rate [12]. One worthwhile point to understand
in depth would be the Coulomb interaction between SEs.
While the dynamics of the SE pumping can be simply
modeled using master equations [13,14], detailed under-
standing of the microscopic interaction in a dynamic QD
is helpful to fully understand the pumping accuracy.

Another motivation for investigating the Coulomb inter-
action is related to quantum information processing using
flying SEs [15]. This type of flying qubit has recently
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attracted attention [16—19] as a counterpart of photonic
quantum computing [20,21] because, as opposed to pho-
tons, SEs inherently have the Coulomb interaction, with
which a deterministic two-qubit gate is expected to be
realized [22]. Recently, the unscreened Coulomb interac-
tion has been experimentally observed between two flying
SEs generated by GaAs SE pumps [23,24] and by surface
acoustic waves in a GaAs device [25]. Theoretical works
have also pointed out the significance of the Coulomb
interaction [26—28]. These results would indicate that the
unscreened devices are useful for achieving a controllable
flying-qubit gate.

Considering the above background, it is valuable to
investigate the Coulomb interaction of SEs in silicon. So
far, there have been investigations on the Coulomb inter-
action between a hot electron and many electrons in the
Fermi sea of silicon devices [29,30] and amplification of
current due to the Coulomb interaction has been reported
[30]. However, there is no report on the Coulomb interac-
tion of hot electrons at the SE level. Here, we propose to
use two SE pumps based on silicon QDs that are connected
in series for collision experiments between a hot flying SE
and a cold SE trapped in one of the QDs. We observe an
excess current at the current plateau of the series-coupled
SE pumps that is evidence of the unscreened Coulomb
interaction.
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The outline of this paper is as follows. We introduce the
device structure, its fabrication process, and the measure-
ment scheme of the SE-collision experiments in Sec. II.
Then, we describe and discuss the experimental results in
Sec. III. In particular, Sec. III A discusses the current
transport characteristics of the individual SE pumps and
shows that each pump operated accurately. In Sec. III B,
we demonstrate a detection of hot SEs injected from one
SE pump by a detection barrier. Section III C describes
injection of a hot SE pumped from one SE pump into
a neighboring one-electron QD, and an experimentally
observed increase in current originating from the cold
SE trapped in the QD due to the Coulomb interaction.
Section III D explores injection of a hot SE pumped from
one SE pump into a neighboring two-electron QD, for
which the experimental results were consistent with the
one-electron case. Section III E is an additional discussion.
Section 1V is the conclusion.

II. DEVICE AND MEASUREMENT SCHEME

Figure 1(a) shows the schematic device structure
together with the electrical connections [5,9,31]. The fab-
rication process is as follows. A nondoped silicon wire is
formed on 400-nm-thick buried oxide by using electron-
beam lithography and dry etching, followed by thermal
oxidation for forming 30-nm-thick silicon dioxide. Next,
n-type polycrystalline silicon is grown by chemical vapor
deposition. This layer is patterned using electron-beam
lithography and dry etching to form the three lower gates
(Gent» Ginj» Gaet) on the silicon wire. After growth of inter-
layer silicon dioxide to a thickness of 50 nm by chemical
vapor deposition, n-type polycrystalline silicon is again
grown by chemical vapor deposition. This layer is pat-
terned using optical lithography and dry etching to form an
upper gate covering the whole region of the silicon wire.
Then, the upper gate is used as a mask for ion implanta-
tion to form n-type source and drain electrodes. Finally,
aluminum Ohmic contacts to the source, drain, and gate
electrodes are formed using vacuum deposition. The diam-
eter of the silicon wire, lower gate lengths, and spacing
between adjacent lower gates are 15, 10, and 100 nm,
respectively.

The device was cooled in a dilution refrigerator at a base
temperature of 20 mK unless otherwise noted. Three syn-
chronized high-frequency voltages V¢, VT, and VL with
amplitudes of A4, Aeni, and A, generated by an arbitrary
waveform generator and dc offset voltages Vi, Vey, and
Vinj were applied to the source, Gey, and Gy, respectively.
The voltage pulse scheme is shown in Fig. 1(b), where the
positive direction of the vertical axis is set downward to
match the movement of the potential barriers shown later.
In addition, dc voltages Vet and Vypper were applied to G
and the upper gate, respectively.

Application of a positive dc voltage to the upper gate
(Vupper = 1.2 V) induces electrons in the source and drain
electrodes. The three lower gates electrostatically define
the QDs used in this work. When sufficiently large nega-
tive voltages were applied to Gent, Ginj, and Gy, a tunnel
barrier was formed in the silicon wire under each gate.
They are referred to as entrance, injection, and detec-
tion barriers, respectively [see Figs. 1(c), 1(d), and 1(g)].
To perform the SE collision experiments in the electron
pumping regime, we perform tunable-barrier SE pumping
[1,13,14] using the right QD (RQD) between Gjyj and G
in the first step [periods IHII in Fig. 1(b)] and then using
the left QD (LQD) between Gey and Giyj in the second
step [periods IV—VI in Fig. 1(b)]. The source voltages for
the RQD and LQD pump are changed to adjust the num-
ber of SEs captured by each QD. At period I, V3¢, Vi, and
Vfrfj were set to their maximum amplitudes A, Aent, and Ajy;
respectively. In addition, a large negative Vg was applied
to Gget to form a detection barrier in the silicon wire under
Gyet. This barrier prevents electron transport directly from
the source to drain over the detection barrier, which is con-
firmed by observation of accurate SE pumping current (see
later) without additional current. In this period, some elec-
trons are loaded from the source into the region where the
RQD can be formed [loading stage: Fig. 1(c)]. Then, the
injection barrier rises at period II. At the same time, the
RQD potential also rises because of capacitive coupling
between Gi,; and the RQD [Fig. 1(d)]. In this period, some
electrons escape back to the source and an SE can be cap-
tured by the RQD during the rise of the injection barrier.
Since this is a dynamic process, we call this period the
dynamic capture stage. After that, the SE captured by the
RQD can be ejected to the drain over the detection barrier
(ejection stage). For the purpose of the collision experi-
ment, we need to keep the SE in the RQD, which can be
achieved by setting the detection barrier sufficiently high
relative to the RQD [Fig. 1(e)]. The number (ng) of SEs
in the RQD can be reset in each cycle, which is neces-
sary because subsequent injection of an SE from the LQD
might increase ng. Then, the source voltage changes for
the LQD pump toward period IV [Fig. 1(f)]. This period
corresponds to the loading stage for the LQD pumping.
Period V corresponds to the dynamic capture stage for the
LQD pump similar to that for the RQD [Fig. 1(g)]. Here, an
SE is dynamically captured by the LQD during rise of the
entrance barrier. Finally, a hot SE is injected from the LQD
into the RQD at period VI [Fig. 1(h)], which is an ejection
stage of the LQD. The energy of the hot SE is controlled
by Viy. In this final situation, the hot SE injected from
the LQD can be collided with the cold SE confined in the
RQD for investigation of the Coulomb interaction. Note
that the two QDs are independently operated throughout
the process.

The dc current (/p) flowing through the silicon wire
was measured at the drain terminal during the above
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FIG. 1. (a) Schematic device structure.
The left (right) quantum dot [LQD (RQD)]
is formed between Gen (Gaer) and Giy;.
The upper gate covers the whole region
of the silicon wire and a part of the
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series-coupled SE pumping operation. The frequency f* of
the signals was 250 MHz for all SE pumping measure-
ments. For n electrons transferred in a cycle, Ip = nef ~
40 x n pA, where e is the elementary charge. Note that V
was only used for the dc transport measurements (¥, = 0
V for the SE pumping). In the next section, we will break
down this electron transfer process into several substages
in order to analyze the electron collision.

(V) Dynamic capture stage

(VI) Ejection stage
(electron collision)

source and drain regions. dc voltages are
applied to the upper gate (Vypper) and
Gaet (Vaer). High-frequency signals gen-
erated by an arbitrary waveform gen-
erator (AWG; Keysight M8195A) com-
bined with dc voltages using bias tees
are applied to the source electrode (V3 +
B Vs)» Gent (Vac + Vent)a and Ginj (Vldr“j +

ent

Vij). Ve and Vit are amplified by a

N
15-GHz low-noise amplifier (Tektronix

PSPL8003) with a nominal gain of 15 dB.
A —2-dB attenuator is connected after the
bias tee for V% and —3-dB attenuators
are set before the bias tee for V3¢ and
Vi, (not shown). All dc voltages are sup-
plied by dc voltage sources (Yokogawa
GS200). The dc current Ip at the drain
terminal is converted into a dc voltage
using a programmable current amplifier
(NF CAS5351) and the output dc voltage
is measured using a digital multimeter
(Keysight 3458A). (b) Pulse sequence for
the collision measurement. A, Aen, and
Ainj are the amplitudes of VZ°, Vi, and
Viarfj, respectively (output impedance is 50
2). The frequency f is 250 MHz. All rise
and fall times are 0.5 ns. (c)—~(h) Schematic
potential diagrams during a collision mea-
surement. The diagrams with I, IL, II1, IV,
V, and VI correspond to those denoted in
(b), respectively. The yellow dots are sin-
gle electrons. The number of electrons in
the RQD is initialized to one in this case
(c)+e). An SE from the source electrode
is captured by the LQD (f)~(g) and even-
tually injected into the RQD as a hot SE

(h).

III. EXPERIMENTAL RESULTS AND
DISCUSSIONS

A. Individual SE pump characteristics

First, the individual SE pump characteristics were
checked using only the LQD or only the RQD as single
QDs. To transfer SEs using the LQD (RQD), we applied
a positive dc voltage to Gger (Gent) to sufficiently lower
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the detection (entrance) barrier. Then, we applied a high-
frequency signal only to Gen (Ginj) for the LQD (RQD)
pump. The pulse shape was identical to that shown in
Fig. 1(b).

Figure 2(a) shows Ip as a function of Ve, and Viy;
when only the LQD pump was operated. The left, bottom,
and right boundaries of the trapezoidal current-generating
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FIG. 2. (a) Current Ip as a function of Vep and Vig; at f = 250
MHz, where Viypper =12V, Vgee =1V, and V; =0 V. The
high-frequency signal with an amplitude Aep = 0.3 V (nomi-
nal amplitude of 2.4 V at the gate electrode obtained taking into
account the gain of the amplifier and the attenuation of the atten-
uator) is applied to Gey. Note that this amplitude was selected
to prevent breakdown of the device (safe range for our devices).
(b) Ip (left axis) and Ip/ef (right axis) as a function of Vj, at
f =250 MHz, where Vipper =12V, Vgt =1V, Vere =0V,
Vi =0V, and 4en = 0.3 V, corresponding to the black dashed
line in (a). The inset is a schematic diagram of the LQD pump.
(c) Ip as a function of Vi, and Vg at f = 250 MHz, where
Vipper = 1.2V, Vene =1V, and Vs, = 0 V. The high-frequency
signal with an amplitude 4;,; = 0.3 V (nominal amplitude of 2.7
V at the gate electrode obtained taking into account the gain of
the amplifier and the attenuation of the attenuator) is applied
to Gjpj. The areas within the red dashed lines are the values
of Vipj and Vg at which one electron is dynamically captured
and it remains in the RQD [denoted as (1, 1) in this region],
when the height of the injection barrier is at its maximum (see
Appendix A) [3]. Similarly, the areas within the orange dashed
lines is assigned as (2, 2). (d) Ip (left axis) and Ip/ef (right
axis) as a function of Vg at f = 250 MHz, where Vypper = 1.2
V, Ve =1V, Vigj = =09V, Vy, =0V, and 4;,; = 0.3V, corre-
sponding to the black dashed line in (c). The inset is a schematic
diagram of the RQD pump.

region correspond to loading, dynamic capture, and ejec-
tion of SEs, respectively [1,3] (see Appendix A for further
discussion). The current along the black dashed line on the
LQD pump map at Ve, = 0 in Fig. 2(a) has a clear cur-
rent plateau with a level of ef* [Fig. 2(b)]. This indicates
that a dynamically captured SE is accurately ejected to the
drain. This accurate ejection is helpful to achieve the final
condition for the collision experiment shown in Fig. 1(h).

Figure 2(c) shows Ip as a function of Vj,; and Ve when
only the RQD pump was operated. The current along the
black dashed line on the RQD pump at Vi;; = —0.9 V in
Fig. 2(c) has clear plateaus with levels of ef and 2ef
[Fig. 2(d)]. This indicates that one or two SEs are dynami-
cally captured and eventually ejected to the drain with high
precision. For the collision experiments, it is necessary that
SEs remain captured by the RQD. Setting voltages to val-
ues inside the red (orange) dashed line in Fig. 2(c) allows
one to capture one (two) SE(s) in the dynamic capture
stage but not to eject the SE(s) to the drain in the ejec-
tion stage because of the high detection barrier (see also
Appendix A). We focused on these regions in the following
measurements.

B. Detection of hot SEs injected from the LQD

We investigate injection of a hot SE from the LQD into
the RQD without loading electrons from the source to the
RQD at the loading stage [Fig. 1(c)], which was achieved
by following the pulse sequence given in Fig. 1(b) and
minimizing Ai,. In this case, all SEs ejected to the drain
across the RQD and the detection barrier are pumped by
the LQD. When the energy of the hot SE injected from
the LQD is lower than the height of the detection barrier,
which is tuned by Vg, the hot SE cannot be ejected to the
drain [see Fig. 1(h)]. This suppresses /p, and the energy
of the hot SE injected from the LQD with respect to the
detection barrier top can be estimated.

Figure 3(a) shows /p as a function of Vj,; and Ve under
the above conditions. The three vertical lines in solid red
indicate threshold voltages for the dynamic capture stage
of the LQD during the rise of the entrance barrier. This is
confirmed by the LQD pump map in this case as shown
in Fig. 3(b). A dashed horizontal line in Fig. 3(a) corre-
sponds to a dashed vertical line in Fig. 3(b). The red line
rising to the right in Fig. 3(a) indicates the threshold volt-
age for the hot SE injected from the LQD to be blocked
by the detection barrier. This threshold is determined by
the injection barrier height (i.e., injection energy) and the
detection barrier height, which are controlled mainly by
Vinj and Ve, respectively. Since the voltage-to-energy con-
version factors of these two modulations are almost the
same (Appendix B), the slope of the threshold line is
almost unity.

The red line in Fig. 3(c) corresponds to the vertical black
dashed line on the pump map in Fig. 3(a). The current
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FIG. 3. (a) Ip as a function of Vj,; and Vg, with the pulse

sequence shown in Fig. 1(b), where Viypper = 1.2V, Ve = —0.5
V, Vg =0V, dent = 0.3V, 4jpj = 0.075 V,and 4, = 0.5 V. (b) Ip
as a function of Ve, and Vi, with the pulse sequence shown in
Fig. 1(b), where Viypper = 1.2V, Vet = =09V, Vs = 0V, Aep =
0.3V, 4ipj = 0.075 V, and 4; = 0.5 V. The vertical black dashed
line corresponds to the horizontal black dashed line in (a). (c) Ip
(red line; left axis) and d/p /dVye (blue dots; right axis) as a func-
tion of Ve, which corresponds to the vertical black dashed lines
in (a) and (d), respectively, where Vi, = —0.6 V. The fit (blue
line) to the blue dots is composed of two Gaussian functions:
Aexp[—{(Vaet — V1)/w1}*1 + Bexp[—{(Vaet — V2)/w2}*], where
Vi, Vo, wi, wp, A, and B are constants. AVgee = Vo, — V1 ~ 0.17
V. (d) The first derivative of Ip shown in (a).

plateau is at the level of ef ~ 40 pA at around Vg, = —1
V. This indicates that the hot SE injected from the LQD
was ejected to the drain in every cycle. In addition, there
is a clear two-step feature in /p. To examine it, we differ-
entiated /p with respect to Vge [blue dots in Fig. 3(c)]. A
fit to the d/p/dV4e data in Fig. 3(c) using two Gaussian
functions roughly reveals the spacing of these two peaks,
AVger ~ 0.17 V.

To convert Vg into a hot-SE energy relative to the
top of the detection barrier, we estimated the voltage-to-
energy conversion factors between Gy and the detection
barrier (g = 0.40 eV/V) and between Gy and the
injection barrier (Qdetinjp ~ 0.034 €V/V) from dc mea-
surements (Appendix B). The latter estimate is necessary
because the energy of the hot SE injected from the LQD
is determined by the height of the injection barrier. Here,
the minimum energy scale required for the ejection of the
hot SE injected from the LQD to the drain in every cycle

roughly corresponds to the length of the black arrow in
Fig. 3(c), which is about 0.4 V. This value is converted into
an energy of 0.4 V X (ge — Qdet-injg) ~ 0.15 eV and is
considered to be a typical energy of a hot SE injected from
the LQD in this experiment. Then, the spacing A Vg was
converted into an energy: AVger X (0lgetB — Odet-injB) ~ 62
meV.

The lines of peaks on the pump map are parallel with
an energy difference of about 62 meV [Fig. 3(d)]. Such
parallel peak structures have been reported in hot-electron
injection experiments on GaAs devices with quantum point
contacts [32] and SE pumps [33,34], in which the spacing
is understood to be a result of relaxation of an elec-
tron due to LO-phonon emission with an energy of 36
meV. On the other hand, previous hot-electron injection
experiments in silicon devices have not revealed evidence
of phonon relaxation [29,30] probably because relaxation
due to the Coulomb interaction between a hot electron
and many electrons in the Fermi sea is much faster than
phonon relaxation. In the case of silicon, which is a nonpo-
lar semiconductor with multiple conduction-band valleys,
intervalley phonon scattering plays a significant role [35].
The largest contribution would be from what is called a g-
LO phonon with an energy of 61—63 meV [35-37], which
is consistent with our calculated spacing. Although the
two observed peaks might originate from the g-L.O phonon
emission, we need to conduct further experiments on sev-
eral different devices for checking reproducibility of these
lines before we can make this conclusion.

C. Hot-SE injection into a one-electron RQD

Next, we examined injection of a hot SE from the LQD
into the RQD with one electron in it. Figure 4(a) shows /p
for such a case as a function of Vj,; and Vger. The essential
change in voltage conditions from those in Fig. 3(a) is to
increase Aj,; to capture an SE in the RQD. The ef* and 2ef
plateaus in the left side on the map correspond to only the
RQD-pump current. At the voltage conditions inside the
red dashed lines, there is one electron in the RQD after the
injection barrier height is raised [Fig. 1(e)]. Additionally,
a hot SE is injected from the LQD into the RQD at a later
time [Fig. 1(h)] at the region inside the solid red lines; it
passes the detection barrier, resulting in a current. In the
area within both the red lines and the red dashed lines, the
hot SE injected from the LQD can collide with the SE con-
fined in the RQD. A more detailed discussion about this
complicated pump map including connection among dif-
ferent conditions and validation of the number of the SEs
in the RQD is described in Appendix C.

To investigate this area in more detail, Figs. 4(b)
and 4(c) plot /p along the horizontal and tilted black dashed
lines in Fig. 4(a). The tilted voltage line is called Vi,
which is parallel to the threshold line determined by ejec-
tion of the SE from the RQD to the drain [the left red
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FIG. 4. (a) Ip as a function of Vj,; and Vg, with the pulse
sequence shown in Fig. 1(b), where Vigper = 1.2V, Ve = —0.5
V, Vi=0V, 4y =03V, 4;5j =03 V, and 4, =0.3 V. The
slope of Vyy is 1.16. The labels b and ¢ indicate the measured
points plotted in (b),(c), respectively. (b) Ip as a function of Viy;
with the same voltage condition as (a) except Vg = —0.945
V, corresponding to the horizontal black dashed line in (a). (c)
Ip as a function of Vi, with the same voltage condition as
(a) except Vger = 1.16V;p5 — 0.757 V, corresponding to the tilted
black dashed line in (a). (d)«g) Potential diagrams for the hot-
SE injection into the one-electron RQD. The conduction-band
bottom is fixed for simplicity.

dashed line in Fig. 4(a)]. This means that the height of
the detection barrier with respect to the RQD is almost
constant along Vi and the ejection probability of the SE
captured by the RQD is almost constant. Note that both
Vinj and Vge change along Vi but we have used Vi, for
the horizontal axis in Fig. 4(c). The intersection point of
these two lines corresponds to the vertical dashed lines in
Figs. 4(b) and 4(c). Around the intersection point, there is
an excess current Alp ~ 2.2 pA. The fact that /p saturates
in both plots indicates that the hot SE injected from the
LQD was ejected to the drain in every cycle. Thus, Alp
originates from the SE confined in the RQD being kicked
out via the Coulomb interaction by the injected hot SE.
Now let us explain how the SE confined in the RQD
is ejected and contributes to Alp in more detail by using

the potential diagrams shown in Figs. 4(d)4(g). As a first
approximation, we consider a single-particle picture with a
constant charging energy. Just before the hot SE is injected
into the RQD, the LQD and RQD each have one elec-
tron [Fig. 4(d)]. Both electrons are assumed to occupy
the ground state with electrochemical potentials (1) and
ar1- Note that there is a small possibility of nonadiabatic
excitation, but its energy scale should be much smaller
than the charging energy and energy of the hot SE injected
from the LQD [5].

Then, the SE is injected from the LQD to RQD
[Fig. 4(e)]. At that moment, the RQD has two electrons and
the charging effect due to the Coulomb interaction should
appear. Therefore, the SE initially confined in the RQD
occupies a ground state with electrochemical potential
IGr), wWhich has an additional energy of about charging
energy E¢, roughly estimated to be 19 meV (Appendix B).
Note that the conduction-band bottom in Figs. 4(d)}4(g)
is fixed for simplicity but the RQD potential bottom actu-
ally rises by E¢ in Fig. 4(e). On the other hand, since
the hot SE injected from the LQD has a high energy, it
occupies an excited state with electrochemical potential
WEr2) in the RQD. pp o) relative to the detection barrier
height at the intersection point of the black dashed lines in
Fig. 4(a) is roughly estimated to be 0.2 eV [a spacing of
V4et between the onset of the current and the intersection
point indicated by a black line in Fig. 4(a) is roughly 0.55
V and 0.55 X (0getB — Qdet-inj) ~ 0.2 €V]. Since an elec-
tron occupying the ground state can be ejected to the drain
at the point of intersection (see also Appendix A), the SE
is ejected not only from pg(r2) but also from pg(ry).

When the hot SE injected from the LQD is ejected to
the drain at a rate 'y, (we call this situation E ejection),
the remaining electron occupies [y and it cannot be
ejected to the drain [Fig. 4(f)]. On the other hand, when
the ground-state SE is ejected to the drain with a rate of
'y (we call this situation G ejection), the electrochem-
ical potential of the hot SE injected from the LQD is
reduced by Ec. We denote this electrochemical potential
as (gwn-. Since Figs. 4(b) and 4(c) show current satura-
tion, we expect that the hot SE injected from the LQD is
ejected to the drain in every cycle. Since AE — Ec ~ 0.18
eV (AE ~ 0.2 eV and E¢c ~ 0.02 eV from the above esti-
mations), this expectation is reasonable considering the
experimental result for the case in Fig. 3(c), where ejection
in every cycle is achieved with a hot-SE energy of about
0.15 eV. Note that the number of SEs in the RQD is reset
in the next RQD-pump cycle and the situation returns to
that of Fig. 4(d) (see also Appendix C).

In Fig. 4(b), the current level is ef near Viy; = —0.5V,
at which the current is dominated by the dynamic cap-
ture stage of the RQD pump. Since this fact indicates
that errors during the dynamic capture stage of the RQD
pumping is negligible, Alp only originates from the G
ejection. From the above consideration, a current level at
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the intersection point of the black dashed lines in Fig. 4(a)
can be expressed as Ip/ef =1+ T /(T +Tg) =1+
Alp/ef . From this equation, I'gy/ g, ~ 0.06. This low
ratio is probably due to the large energy difference of the
two SEs.

Now let us examine the energy changes in the satura-
tion regime using the estimated conversion factors from
the voltage to the barrier height or to the RQD energy
(see Appendix B and Table I). The voltage window in
the saturation regime in Figs. 4(b) and 4(c) is roughly
50 mV. In the case of the Vi line, a 50-mV change in
Vinj accompanies a 58-mV change in Vge. Therefore, AE
changes by 0.058gcs — 0.05cimj8 ~ 3 meV. This change
is negligibly small compared with the hot-SE energy of
about 0.15 eV. On the other hand, in the case of the
Vin line, a 50-mV change in Vj, leads to a change in
AE of 0.05(tinjB — inj-detB) ~ 19 meV and to a change
in the barrier height relative to the RQD ground state by
0.05(ctinj-RQD — inj-der) ~ 3 meV. The former value is not
small but, if we subtract E¢ from AE, we get about 0.16
eV, which indicates the possibility that the hot SE injected
from the LQD was ejected to the drain in every cycle. The
latter value is much smaller than Ec. These considerations
support the validity of the above model.

D. Hot-SE injection into a two-electron RQD

Now we examine the results of hot-SE injection from
the LQD into the RQD with two electrons. To increase
the number of electrons captured by the RQD, we raised
the Fermi level in the source during the RQD pumping
by reducing A; [see region II in Fig. 1(b)] from the volt-
age conditions in Fig. 4(a) (a more detailed discussion is
described in Appendix C). Figure 5(a) shows a pump map
including the three-electron collision conditions as a func-
tion of Vi, and Ve The region inside the orange dashed
lines corresponds to two electrons in the RQD and the
region inside the red lines corresponds to hot-SE injection
from the LQD. A blue line in Fig. 5(b) and a red line in
Fig. 5(c) are Ip along horizontal and tilted black dashed
lines in Fig. 5(a), respectively. The current level exceeds
ef by about 4.5 pA at the intersection point of the two
black dashed lines in Fig. 5(a).

While such an excess current can be seen more clearly
in the case of the one-electron RQD, as shown in Fig. 4(b),
the excess current in this case appears in a more compli-
cated way because the two regions of our interest overlap
in a narrow space in Fig. 5(a). To analyze the excess cur-
rent more qualitatively, it is necessary to subtract a direct
RQD pumping current because the ejection line of the
RQD pump (the left orange dashed line) is close to the
intersection point. For this purpose, we suppressed the
injection of the hot SE from the LQD by increasing Ve
to 0.5 V, which corresponds to outside of the ejection
line of the LQD pump (see Appendix D). A red line in
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FIG. 5. (a) Ip as a function of Vi, and Vg with the pulse
sequence shown in Fig. 1(b), where Vipper = 1.2V, Veyy = —0.3
V,Vi=0V, 4eny =03V, 4;;; = 0.3 V, and 4; = 0.075 V. The
slope of Vi is 1.16. The labels b and ¢ indicate the measured
points plotted in (b),(c), respectively. (b) The blue line is /p as a
function of Vj,; with the same voltage condition as (a) except
Viet = —0.91 V, corresponding to the horizontal black dashed
line in (a). The red line is /p measured using the same condi-
tion as the blue line except for Ve = 0.5 V. A red dashed line
is a copy of the red line with a horizontal shift of 56 mV and
a vertical shift of 40 pA. (c) Ip as a function of Vi, with the
same voltage condition as (a) except Vg, = 1.16V;,; — 0.924 V,
corresponding to the tilted black dashed line in (a). (d)g) Poten-
tial diagrams for the explanation about the hot-SE injection into
the two-electron RQD. The conduction-band bottom is fixed for
simplicity.

Fig. 5(b) is Ip with such a condition, where we observe
only RQD pumping current. Since there is a cross cou-
pling between the entrance gate and RQD, the ejection
line of the RQD has a shift. The amount of the shift is
a horizontal spacing of the red and blue lines at around
Vinj = —0.4 'V, at which both lines show only the RQD
pumping current (see also Fig. 10). A red dashed line in
Fig. 5(b) is obtained by offsetting the red line horizon-
tally by the shift and vertically by e¢f . This can be an
expected direct RQD pumping current because the struc-
tures at around Vj,; = —0.05 V is similar between the red
dashed line and blue line (see also Appendix D). Thus,
we conclude that the yellow region in Fig. 5(b) is not due

044043-7



YAMAHATA, JOHNSON, and FUJIWARA

PHYS. REV. APPLIED 20, 044043 (2023)

to the direct RQD pumping current. Since the excess cur-
rent determined by the difference between the blue and red
dashed lines at —0.05 V < Vi, < 0 V is almost constant,
it is the almost gate-independent excess current due to the
cold SEs, which is slightly larger than 4.5 pA. On the other
hand, the yellow region becomes smaller as V;,; increases
at Viy; > 0 V. Since the excess current by the cold SEs
should have a weak gate dependence similar to Fig. 4(b),
the hot SE injected from the LQD was not ejected in every
cycle at Vi, > 0 V. This is also supported by the fact that
the energy of the hot SE injected from the LQD relative to
the detection barrier was only about 0.13 eV at the inter-
section point of the black dashed lines [a spacing of Ve
between the onset of the current and the intersection point
indicated by a black line in Fig. 5(a) is roughly 0.35 V and
0.35 x (0getB — Adet-inj) ~ 0.13 eV]. In addition, there is
an excess current of 4.5 pA along Vyj; but its saturation is
not so clear compared with that in Fig. 4(c). This result
is reasonable because the ejection probability of the hot
SE injected from the LQD depends on Vi, and Vg in this
regime.

Figures 5(d)—5(g) show potential diagrams in the case of
the two-electron RQD. Here, the conduction-band bottom
is depicted as being constant for simplicity. The ground
state with electrochemical potential p1G 1) in the LQD and
the ground state with electrochemical potential (gro) in
the RQD are initially occupied [Fig. 5(d)]. Then, as shown
in Fig. 5(e), the injection of a hot SE into the RQD leads
to a charging effect similar to that in Fig. 4(e). Since there
are two electrons in the ground state of the three-electron
RQD, the rate I'g; of ejection from the ground state with
electrochemical potential g3y is at least 2 times higher
than ', in Fig. 4(e), in which one electron occupies the
ground state with pgre). This is consistent with the fact
that Alp (>4.5 pA) is more than twice as large as in
the case of the one-electron RQD (Alp ~ 2.2 pA). This
consistency also shows the validity of our model.

The remaining processes are essentially the same as
those of the one-electron-RQD case. When the hot SE
injected from the LQD is ejected to the drain at a rate ['g3,
two electrons remain trapped in the RQD [Fig. 5(f)]. When
one of the ground-state electrons is ejected to the drain at a
rate ["g3, only remaining hot electron can be ejected to the
drain [Fig. 5(g)]. Note that AE — E¢- ~ 0.11 eV is insuf-
ficient for the hot SE injected from the LQD to be ejected
to the drain in every cycle (0.15 eV is necessary for ejec-
tion in every cycle as discussed in Sec. III-B). Similar to
Fig. 4(b), there is a 2¢f plateau on the left side of Fig. 5(b),
indicating negligible errors of the two-SE capture in the
dynamic capture stage of the RQD.

E. Additional discussions

Above, we explained the experimental results by using
a simple single-particle model, where we assumed that the

initially captured SE in the RQD occupies the ground state.
However, there is a possibility of transition of the SE from
the ground to excited states in the RQD during the hot-SE
propagation over the RQD. This process should accom-
pany relaxation of the injected hot SE. If it occurs, the
energy distribution of the initially confined SE becomes
broad and the SE might be ejected to drain after the £
ejection [Figs. 4(f) and 5(f)]. However, since the slope of
the RQD ejection line for the collision condition [blue line
in Fig. 5(b)] is almost the same as that for the case of no
collision [red line in Fig. 5(b)], we expect that the transi-
tion is not so large in this voltage regime. This is possibly
because the interaction time is too short for the transition.
We should note that, although the energy distribution of
the injected SE can usually be used to detect the broad-
ening, the distribution of the injected-SE energies is broad
[Fig. 3(c)] and it is impossible to distinguish the intrin-
sic broadening from the broadening due to the relaxation
process. Therefore, we cannot exclude the possibility of
a transition in the voltage regime where the direct RQD
pumping current is suppressed. A previous many-electron
collision experiment [30] showed that such a transition fre-
quently occurs and leads to current amplification. In that
case, the number of electrons interacting with an injected
hot electron is on the order of one hundred, which might be
a reason for the difference between our results and those of
the previous work. The transition should be further investi-
gated in future experiments using an RQD with a different
length and an injected SE with a sharper distribution.
From the viewpoint of the error mechanism of SE pump-
ing, the above results imply that there is a possibility of
excess ejection of a trapped electron during propagation of
hot SEs. For example, an electron confined in a trap level
around the QD could lead to an additional leakage current
during SE pumping. The Coulomb interaction between an
emitted hot electron and the trapped electron might poten-
tially enhance such a leakage. It is necessary to investigate
such a possibility in more detail in future works.
Regarding flying qubit applications, the charging effect
is necessary to perform two-qubit gate operation [22] but
transitions between energy levels must not occur. In that
sense, the small transition between the energy levels in the
RQD would be good characteristics. In addition, it would
be valuable to roughly estimate an expected time evolu-
tion of the phase of the two SE system [25], which is
Ect/2h ~ 187, where t ~ 4 ps is the propagation time of
the injected hot SE in the RQD (we roughly use the period
of coherent oscillations previously extracted from the data
of our SE pump [5]) and A is the reduced Planck con-
stant. Note that £¢/2 is a rough estimate of the electrostatic
energy. Since 187 is too large, this rough estimate suggests
that the two SEs should be farther apart. In future experi-
ments, the design of the device should be improved for
performing appropriate qubit operations. One point is that
relatively high-temperature operation of silicon SE pump
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[11] is good for a flying qubit initialization because cool-
ing power in the millikelvin regime is limited, which is a
general problem of most solid-state qubit systems [38,39].
In addition, the fact that silicon has weak spin-orbit and
hyperfine interactions would be an advantage for stable
propagation of hot SEs. Furthermore, silicon QDs have
been extensively studied toward static-qubit applications,
thanks to the long coherence time of electron spins con-
fined in the QDs and the widespread availability of silicon
integration technology [40—43]. Combining them with fly-
ing electrons would be another pathway toward realization
of quantum information devices [44,45].

IV. CONCLUSION

We investigated the injection of a hot SE into a one-
electron QD or a two-electron QD by using tunable-barrier
series-coupled SE pumps in silicon. The hot SE injected
from one QD into neighboring another QD was ejected
in every cycle when it had a sufficiently high energy
(>0.15 eV) with respect to the detection barrier. The hot-
SE energy distribution had a two-step feature possibly due
to phonon emission. In the one-electron case, we observed
a current in excess of ef when the hot SE is injected. This
excess current is attributed to additional ejection of the
cold SE trapped in the RQD due to the Coulomb interac-
tion (charging effect). In the two-electron case, the excess
current more than doubled, which can be explained by
an increase in the ejection rate of the ground-state SEs.
These results indicate the existence of a strong unscreened
Coulomb interaction and imply a possibility of improve-
ment of SE pumping accuracy and of building a two-qubit
gate with flying electrons in silicon.
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APPENDIX A: SE PUMP MAP

To find operating conditions for the collision experi-
ments, it is necessary to precisely understand a pump map
for tunable-barrier SE pumping [1,3]. Figure 6 shows a
schematic pump map as a function of dc voltages applied
to an entrance gate (Ventrance) and an exit gate (Vexit) shown
in the inset. Purple, black, and light-blue lines are called
loading, dynamic capture, and ejection lines, correspond-
ing to the loading [Figs. 1(c) and 1(f)], dynamic capture
[Figs. 1(d) and 1(g)], and ejection [Figs. 1(e) and 1(h)]
stages. In the region to the left of the purple line (hatched
region), no electrons are loaded into the QD because the
entrance barrier is sufficiently high. Note that the entrance
barrier is not depicted in Figs. 1(c) and 1(f) because we
assume a sufficiently large pulse amplitude. Increasing

3, 1) 3, 2)
Io=2ef y |, = ef

/

it

exi

Dynamic capture line

v

entrance

FIG. 6. Schematic diagram of an SE pump map as a function
of voltages applied to an entrance gate (Vengrance) and an exit gate
(Vexit) shown in the inset. (ng4c,ng) is denoted in each region,
where ng4. is the number of SEs captured by the QD shown in
the inset in the dynamic capture stage and np is the number of
SEs captured by the QD between the ejection stage and the next
loading stage. This results that Ip = (ng. — ng)ef .

Vexit across the bottom, middle, and top dynamic capture
lines allows one, two, or three electrons to be dynamically
captured during the rise of the entrance barrier. We define
these numbers as ng.. Increasing Vepgrance across the left,
middle, and right ejection lines, prevents one, two, or three
electrons from being ejected because the exit barrier is suf-
ficiently high. We define these numbers as ng. A relevant
point is that ng. > ng at a fixed Veyit. (n4c, 7z) and the resul-
tant pumping current /p = (ng. — ng)ef are denoted in the
figure. The region focused in the collision experiment is
therefore inside of the red and orange dashed lines, where
ng = 1 and 2, respectively, and Ip = 0.

The collision conditions for one-electron and two-
electron RQD [the intersection point of the black dashed
lines in Figs. 4(a) and 5(a), respectively] are indicated by
stars in Fig. 6. In the case of the one-electron RQD, it
locates between the left and middle ejection lines. In this
condition, only one electron can be trapped in the RQD.
When there are two electrons in the RQD, one of the two
electrons can be ejected to the drain, which corresponds to
Fig. 4(e). In the case of the two-electron RQD, it locates
between the middle and right ejection lines. In this con-
dition, two electrons can be trapped in the RQD. When
there are three electrons in the RQD, one of the three elec-
trons can be ejected to the drain, which corresponds to
Fig. 5(e).
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APPENDIX B: ESTIMATION OF CONVERSION
FACTORS

To estimate the energy of the electrons, we must deter-
mine factors for converting Vi (Vger) into an energy value.
First, let us focus on the conversion from the applied volt-
age into the barrier height (ainp and agem). Figure 7(a)
shows the current flowing through the injection (detec-
tion) barrier as a function of Viy; (Vger) at room temper-
ature. From the fits to the data (black lines), which are
exp(injB Vinj/kT + A) and exp(des Vaet/kT + A), where k
is the Boltzmann constant, T is temperature, and 4 is a
constant, we obtain oy = 0.41 eV/V and ages = 0.40
eV/V.

Next, let us consider the cross-coupling. Vipj (Vgetr)
slightly changes the detection (injection) barrier.
Figure 7(b) shows /p as a function of Vi, and Vg at room
temperature. The slopes Siyjg and Sqes of the linear fits to
the red line indicating a current level of 200 pA can be used
to determine the cross-coupling from Vg to the injection
barrier dgetinj = injg/Sinjg = 0.034 eV/V and from Vi
to the detection barrier ttij-geB8 = dgeBSaes = 0.034 eV/V.

Now, let us estimate the charging energy E¢ of the RQD
when an SE captured by the RQD is ejected to the drain.
Figure 8(a) shows Ip as a function of Vi, and Vyee when
only the RQD pump is operated at 30 K. Current steps
related to the ejection stage appear at the black dashed
line in Fig. 8(a) as shown in Fig. 8(b). At this high tem-
perature, the ejection is dominated by a thermal hopping
and an equation for the current steps can be formulated as
follows [5]:

-1.2 -08 -04 00

\/inj IVorVy,/V
FIG. 7. (a) dc current as a function of Viy; (Vget) at room tem-
perature (295 K), where Vyg =12V, Vijy; =1V (Vge = 1 V),
Vet =1V, and V; = 1 mV. The black lines are linear fits to
In(Zp). (b) dc current as a function of Vi and Vg at room tem-
perature (295 K), where Vyg =12V, Ve =1V, and V=1
mV. The current level of the contour lines are from 200 pA (red
line) to 3 nA (blue line) in steps of 400 pA. The white lines
are linear fits to the red contour line. The slopes are Si,p =
—12 and Sy = —0.084 for the injection and detection barrier,
respectively.
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FIG. 8. (a) Ip as a function of Vj,j and Vye at f = 250 MHz
and 7 =30 K, where Vipper =12V, Veg =1V, and V; =0 V.
The high-frequency signal is only applied to Gj,j with an ampli-
tude A4jyj = 0.3 V. (b) Ip (red circles) as a function of Viy; at f =
250 MHz and T = 30 K, where Vypper = 1.2V, Vg = —0.925
V, Vet =1V, Vi =0V, and Aepy = 0.3 V, corresponding to the
black dashed line in (a). The blue curve is a fit to the data using
Eq. (Bl). The fit yields &" = 0.079 eV/V, a;" = 0.058 eV/V,
Vi=-020V,and V, = —0.48 V.

2 inj
I:2—Zexp|:—exp{——an (V;:} Vn)}j|, (B1)

n=1

nj

where V), is the threshold voltage of the nth plateau, ay’ is
equal to ainj-RQD — Winj-dets for the nth plateau, and ainj-rop
is the conversion factor from Vi, to the RQD energy. A
fit to the data using this equation is shown as the blue
curve in Fig. 8(b). The fit gives o} # «,", probably due to
potential fluctuation. As a crude estimate, we computed the
average of the two: ajy = (oz;nJ + a;nj) /2 = 0.069 eV/V,
which leads to Ec = @iy (V7 — V2) = 19 meV. This value
is consistent with those for previous devices [5,46,47]. In
addition, oipj-rQD = ®inj + Ainj-ders = 0.10 eV/V. Further-
more, from the slope S = 1.16 of Vyy [see Fig. 4(a)], we
determined the conversion factor from Vg to the RQD
(Ctget-RQD); 1.€., Cldet-RQD = getB — inj/S = 0.34 eV/V [5].
All of the conversion factors are summarized in Table 1.
They indicate that the gate-to-barrier couplings are sym-
metric for the two gates and the position of the RQD is
close to the detection barrier, which is consistent with the
previous estimation for a different device [5].

TABLE 1. Summary of the conversion factors and charging
energy.

injB 0.41eV/V Qinj-RQD 0.10eV/V
O detB 0.40eV/V Qdet-RQD 0.34eV/V
Qinj-detB 0.034 eV/V Ec 19 meV
Oldet-injB 0.034 eV/V
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APPENDIX C: COLLISION PUMP MAPS

To understand pump maps in the case of the collision
experiments, it is valuable to investigate them with chang-
ing A;y and A4 in small steps (Fig. 9). Figure 9(a) has the
same conditions as those in Fig. 5(a) except for Vey =
—0.5 V. Figures 9(c) and 9(j) have the same conditions as
those in Figs. 4(a) and 3(a), respectively.

First, we focus on the 4, dependence [Figs. 9(a)-9(e)].
In terms of the RQD pumping operation [Figs. 1(c)-1(e)],
increasing A, lowers the Fermi level in the source. The
loading probability from the source to RQD in the loading
stage is reduced because the height of the injection barrier
[not depicted in Fig. 1(c)] relative to the source becomes
high. The injection barrier is lowered to compensate this
effect, leading to a movement of the loading line to the
positive Vi, direction. From Fig. 9(a) to 9(e), the purple
loading line moves in this direction. In the dynamic capture
stage [Fig. 1(d)], the injection barrier height is lowered at
the moment when the electrochemical potential of an SE in
the RQD crosses the Fermi level. This leads to an increase
in a probability of an escape of the SE back to the source.
Thus, a more positive Ve is necessary to capture the SE by
lowering the RQD potential, indicating a movement of the
dynamic capture lines in the positive Vg direction. This
movement can be seen in black dynamic capture lines from
Fig. 9(a) to 9(e). In contrast to these two process, the height
of the detection barrier relative to the RQD potential at the
ejection stage [Fig. 1(e)] should be almost unchanged by
changing the source voltage, implying no change in the

(a) In/ PA (b) In/ A (c)
0 20 40 60 80 100 0 20 40 60 80 100
-_—— |

In/ pA (d)
0 20 40 60 80 100
-_— e

ejection lines. This is confirmed by the fact that the light-
blue ejection lines do not move. Since the experimental
observation is consistent with the expectation of the nor-
mal pump map behavior even when there is an additional
current due to the LQD pumping (explained below), we
conclude that the purple, black, and light-blue lines corre-
spond to the pump map for the RQD pump, i.e., the same as
Fig. 2(c). This fact indicates that the number of SEs after
the RQD pump operation with voltage conditions inside
the red (orange) dashed line in Fig. 4(a) [Fig. 5(a)] is one
(two) as shown in Fig. 6.

Additional features indicated by red lines in Fig. 9
should be related to the LQD pumping [Figs. 1(f}-1(h)].
Similar to the case of the RQD pumping, the detection bar-
rier is not affected by the effect of A; in the LQD pumping.
Since the red line rising to the right does not move from
Fig. 9(a) to 9(e) and it is parallel to the light-blue ejection
lines of the RQD pump map, it is the boundary that indi-
cates that the detection barrier prevents the transmission
of hot SEs injected from the LQD into RQD. Increasing
Ay raises the Fermi level in the source during the LQD
pumping. Opposite to the case of the dynamic capture
stage of the RQD pumping, the electrochemical potential
of an SE in the LQD should be raised to compensate the
effect of 4, by applying a more negative Vi,;. As expected,
the vertical red lines moves in the negative Vi, direction
from Figs. 9(a) to 9(e). Of note, there is no clear discrete
shift of all the boundaries, indicating almost independent
operations of the LQD and RQD pumps.

Ip/ pA (€) 1ipa
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FIG. 9. Ip as a function of Vj,; and Vg with the pulse sequence shown in Fig. 1(b), where Viypper = 1.2V, Vere = =05V, V; =0V,
and Aene = 0.3 V. (4iyj, 45) is changed in each panel: (0.3 V, 0.075 V) in (a), (0.3 V, 0.2 V) in (b), (0.3 V, 0.3 V) in (c), (0.3 V, 0.4 V)
in (d), (0.3 V,0.5 V) in (e), (0.275 V, 0.5 V) in (f), (0.25 V, 0.5 V) in (g), (0.2 V, 0.5 V) in (h), (0.15 V, 0.5 V) in (i), and (0.075 V, 0.5

V) in (j). Black dashed lines are copies of the boundaries in (a).
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As can be seen in Figs. 9(a)-9(e), the change in 4,
is mainly affected to the dynamic capture condition. The
number of SEs injected from the LQD and that confined
in the RQD during the RQD pumping are mainly tuned in
each dynamic capture stage. Therefore, we can change the
experimental condition from an SE injection from the LQD
into the one-electron RQD to that into the two-electron
RQD by changing A;.

Next, we focus on the 4;,; dependence [Figs. 9(f)-9(j)].
With decreasing 4j,j, the RQD pump map becomes small
and eventually disappears in this voltage region. For the
LQD pump, more negative Vj,j compensates the decrease
in Ajy;, leading to the movement of the red lines in the neg-
ative Vi direction. Therefore, we conclude that Fig. 9(j),
corresponding to the Fig. 3(a), is operation of the LQD
pump without an additional pumping current generated
during the RQD pumping operation [Figs. 1(c)-1(e)]. This
point is also confirmed by the observation of the normal
pump map of the LQD [Fig. 3(b)]. We should again focus
on the number of SEs trapped in the RQD in the condition
of Fig. 9. As explained in Appendix A, the loading of elec-
trons from the source to the RQD is prohibited in the left
side of the loading line. This also indicates that the number
of the RQD is not always reset. When an SE injected from
the LQD is trapped by the RQD, it could remain captured
by the RQD in this region. In Figs. 9(i) and 9(j), the LQD
pumping condition is located in the left side of the purple
dashed loading line as shown in Fig. 9(i). Therefore, there
is the possibility that the number of the SEs in the RQD is
not zero. We speculate that the difference of the character-
istics between Figs. 9(i) and 9(j) is related to the number
of SEs in the RQD. In contrast to these cases, the collision
condition [Figs. 9(a) and 9(c)] is located at the right side of
the purple loading line. This indicates that the number of
SEs in the RQD is reset in every cycle.

We should also note that the two-step feature shown in
Fig. 3(c) also appears in the case of the collision condi-
tion as indicated black arrows in Figs. 9(b) and 9(j). As
mentioned in the main text, we need further experiments
to clarify the origin of this step feature as a future subject.

APPENDIX D: SUPPRESSION OF HOT-SE
INJECTION FROM THE LQD

To suppress the hot-SE injection from the LQD in the
collision condition shown in Fig. 5(b), we changed V. as
shown in Fig. 10 using the operating conditions in Fig. 5(a)
with fixing Vg to be a value of the horizontal black dashed
line. The vertical blue and red dashed lines correspond
to the blue and red lines in Fig. 5(b). Two parallel black
dashed lines correspond to the ejection lines of the RQD
pumping. The LQD pump map indicated by the purple
loading, black dynamic capture, light-blue ejection lines
is clearly seen at the left top region in this graph. Since
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FIG. 10. Ip as a function of Vg and Vi, with the pulse
sequence shown in Fig. 1(b), where Vipper = 1.2V, Vet = —0.91
V, Vs =0V, deny =03V, 4jpj = 03V, and 4, = 0.075 V.

the upper black dashed line is straight, it would be rea-
sonable to compare the red and blue dashed lines with a
shift extracted from the slope of the black dashed lines as
performed in Fig. 5(b).
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