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Controlling quantum systems with modulated electron beams
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Coherent control of quantum transitions—indispensable in quantum technology—generally relies on the
interaction of quantum systems with electromagnetic radiation. Here, we theoretically demonstrate that the
nonradiative electromagnetic near field of a temporally modulated free-space electron beam can be utilized
for coherent control of quantum systems. We show that such manipulation can be performed with only classical
control over the electron beam itself and is readily realizable with current technology. This approach may provide
a pathway toward spectrally selective quantum control with nanoscale spatial resolution, harnessing the small de

Broglie wavelength of electrons.
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I. INTRODUCTION

Coherent manipulation of quantum systems with precisely
controlled electromagnetic fields, such as laser or microwave
pulses, is a ubiquitous tool of quantum science from the
search for new physics [1,2] to quantum information pro-
cessing [3,4]. Here, we demonstrate that the electromagnetic
near field of a temporally modulated electron beam provides
an alternative route to coherent manipulation of quantum
systems. Electromagnetically addressable transitions can be
driven by the oscillating electromagnetic field surrounding
the modulated beam. Due to the small de Broglie wave-
length of the electron beam [5], this mechanism of interaction
potentially allows for addressing individual quantum sys-
tems with nanoscale resolution, similarly to the incoherent
electron-based spectroscopy methods relying on the same
electromagnetic interaction [6—10].

The interaction of a temporally modulated electron beam
with a quantum system is reminiscent of an rf amplifier type
known as the klystron [11], wherein the electron beam’s
velocity is modulated by a periodic seed field, resulting in
a current modulation downstream of the interaction region.
The kinetic energy of the modulated electron beam is then
converted into electromagnetic excitation of an rf cavity
[Fig. 1(a)]. Here, we propose a quantum counterpart of the
klystron, where the kinetic energy of a modulated electron
beam is converted into the coherent excitation of a quantum
system or an ensemble of such systems, as shown in Fig. 1(b).
We restrict our considerations to magnetic dipole transitions.
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Electric dipole transitions and higher multipole transitions can
be treated in a similar manner.

While it has been suggested [12,13] that quantum systems
can coherently interact with a stream of electrons with a
temporally shaped wave function [14-17], we theoretically
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FIG. 1. (a) Schematic view of the conventional klystron: an elec-

tron beam is velocity modulated by the electric field of a microwave
(MW) cavity, the buncher cavity at angular frequency wy. Through
the drift space, the velocity modulation causes a current modulation,
which induces amplified microwaves at the catcher cavity. The am-
plified MW radiation is used, for example, to drive atomic transitions
coherently and with high fidelity. (b) Schematic view of the quantum
klystron: the electromagnetic near field of the current-modulated
electron beam at the position of the catcher cavity is used directly to
drive transitions of quantum systems without the detour of generating
electromagnetic radiation. w is the electron beam waist, Ay is the
modulation wavelength, which is much larger than the single electron
wave function width Az, and d is the distance from the quantum
system to the beam center.
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demonstrate that electron-mediated manipulation of quantum
systems can be achieved when the longitudinal extent of the
individual electron wave packets is much shorter than the
wavelength of modulation. Such classical modulation of the
electron beam current density is readily achievable in the
microwave (MW) frequency range, as it is an integral part of
widely used electronic technologies from microwave heaters
to radars.

II. BACKACTION AND THE SEMICLASSICAL REGIME

A necessary condition for coherent driving of a quantum
system is that no information about its state is transferred
to the environment. In particular, electron scattering due to
quantum backaction causes entanglement between the elec-
tron and the quantum system, which disrupts coherent driving.
Given the overlap A between an incoming electron state and
its scattered state, the probability to find the electron scat-
tered into a state that is orthogonal to the incoming state is
(11— |A|2)Pe<_,g, where P, ., (excited state e and ground state
g, see Fig. 2) is the probability of the transition of the quantum
system induced by a single electron. The transition rate for
coherent transitions, the Rabi frequency, is ~|A|/Pecsglu, /s
where I, is the resonant Fourier component of the modulated
beam current (see Appendix A6) and e is the elementary
charge. Thus, even a small overlap is sufficient to preserve
coherent driving, in principle, as long as [A| > ,/P..g, While
an overlap approaching unity is desirable to maximize the
driving rate.

We calculate the overlap integral using a QED model of
the interaction of a single electron with a two-level quantum
system via its magnetic transition dipole moment (relevant
to our two examples), see Appendix A. We consider a sit-
uation where the quantum system’s dimensions are much
smaller than both its distance to the electrons in the beam
and the modulation wave length Ao. We describe the electron
field as a Dirac field and consider an initial spin-unpolarized
Gaussian matter-wave packet of transverse width Ar, with
a propagation axis offset by |rp | (impact parameter). We
numerically evaluate the spin-averaged overlap between an
incoming electron state and its scattered state given that a
transition occurred.

The results of the simulation are shown in Fig. 2. For
instance, for distances |ry 1| 2 6Ar,, the overlap is 98% or
larger. In the examples below, we have |ro || 2 6Ar,, and
therefore the overlap factor is close to unity and quantum
backaction on the electrons can be neglected. We note that the
quantum system’s transition energy transferred to the electron
leads to a momentum shift ép ~ hwg/v = 2w h/Ag, Where
hi is the reduced Planck’s constant, v is the velocity of the
electrons, and wy is the angular transition frequency. For the
scattered state overlap to be close to one, this momentum shift
must be negligible in comparison to the electron wave packet’s
longitudinal momentum spread Ap, = /i/(2Azp). We assume
an initial longitudinal wave packet width Az of the order of
100 nm (which is about the size of the coherence length of
typical sources [5,18]) and consider MW transition frequen-
cies corresponding to modulation wavelengths (see Fig. 1) of
Ao 2 1 mm. Accordingly, §p << Ap,, which is consistent with
the large overlap in Fig. 2.
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FIG. 2. Transition induced by a single electron. Left axis: The
numerically calculated transition probability (open blue diamonds)
and the semiclassical result (blue line) shown in Appendix A 1, both
as functions of the impact parameter. The numerical result agrees
with the analytical result by 1% or less for distances larger than
10Ar,. Right axis: Overlap of the initial and scattered electron
states as a function of the distance between the electron and the
quantum system (red dots). For distances > 6Ar,, the overlap can
be considered to be one for the purpose of this paper. The drop in
overlap between these states corresponds to the regime where the
wave function of the passing electron significantly overlaps with
that of the quantum system at the point of closest approach, where
we can no longer apply the picture of driving with the near field
of an electron beam. The plots were obtained with Ar;, = 5nm,
Azp = 100nm, wy/27 = 2.87 GHz and an initial kinetic energy of
the electron of 2 keV (details about the model can be found in
Appendix A).

The QED transition probability P,,, is compared with the
transition probability induced by the magnetic field of a classi-
cal electron (see Appendix A) in Fig. 2. The two probabilities
converge for distances Z4Ar, . In the following, we consider
parameter regimes where this condition is satisfied, which
allows us to use the classical description of the electrons’
magnetic field. At the same time, electrons from conventional
sources can be assumed to be uncorrelated [19], which allows
us to treat the beam as an ensemble of classical Poisson
distributed pointlike charged particles.

III. EXAMPLE APPLICATIONS

To illustrate the practical feasibility of quantum klystrons,
we consider two example applications of this approach.

In the following, we consider an ensemble of electrons
with a transverse Gaussian distribution. The electrons are
longitudinally velocity modulated which, through propaga-
tion, leads to bunching further along the beam. This situation
corresponds, for example, to that created in a klystron (see
Fig. 1). The base frequency of the current modulation is tuned
on resonance with the transition of the quantum system.

In addition to negligible backaction, coherent driving re-
quires dephasing due to noise in the magnetic field of the beam
to be limited. The spectral linewidth §w of klystrons is mainly
limited by technical noise [20]; as a conservative estimate, we
consider Swy/wy = 1077,

A. Driving hyperfine transitions of alkali atoms

As the first example, we consider driving ground-state hy-
perfine transitions in alkali atoms. Alkali atoms, for example
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FIG. 3. (a) Numerical simulation of the magnetic field strength B, of a current-modulated electron beam with an initial Poissonian
distribution of electrons in time and a Gaussian distribution of electrons in the transverse dimensions as could be created in a klystron (see
Appendix C) with bunching parameter r, ~ 0.5. The waist radius is w = 50 um and the distance to the center of the beam is d = 250 um.
The plots show the cases of currents of 200 nA (blue plot and right axis, corresponding to about ~5 000 electrons per period) and 100 A
(black plot purple and left axis, corresponding to ~2 500 000 electrons per period). The electrons possess a kinetic energy of 18 keV and the
base frequency of the modulated electron beam is 254 MHz. It can be seen that the relative strength of shot noise is decreased significantly for
the 100 A beam in comparison to the weaker 200 nA beam. (b) Fourier limited linewidth: Discrete Fourier transform (DFT) of the magnetic
field strength B, with the same parameters as in (a); 200 nA (blue plot) and 100 nA (black plot) evaluated for 10° periods. It can be seen that
a decrease in current leads to a decrease in the signal-to-noise ratio but does not affect the linewidth of the modulation.

Li, K, and Rb, are especially well suited for a demonstration
of the quantum klystron. This is due to the hydrogenlike level
structure with two stable and easily detectable ground-state
hyperfine levels separated by a transition in the MW range.
We consider the transition F =1, mr=0 < F =2, mp =0 of
optically trapped *'K atoms as a specific example, where F
is the total angular momentum and mp denotes the Zeeman
sublevels. This transition has a frequency of ~254 MHz and is
therefore easily accessible with low-frequency MW electron-
ics. 'K atoms can be optically cooled and trapped, and could
be controlled on the sub-um scale using similar techniques as
used, for example, for 40K in Ref. [21] or for 3Rb in Ref. [22].

The results of a numerical simulation of the electron
beam’s magnetic field for this example are shown in Fig. 3
(see Appendix D). The effect of shot noise (analyzed in detail
in Appendixes E and F) appears as a homogeneous noise floor
in the Fourier transform and does not modify the linewidth of
coherent oscillations of the magnetic field [see Fig. 3(b)].

We consider an electron beam waist of w = 50 um, Kki-
netic energy of 18keV, and an average current [y = 100 nA.
We consider a bunching parameter r, = 0.5 experimentally
attainable at a drift distance of ~1m such that Az ~ 7 um <
Ao ~ 0.3 m in the interaction region. This value of r, corre-
sponds to a resonant current modulation at the base frequency
wo /27 of amplitude 1,,, = 2lpJ1(rp) ~ 50 wA (where J; is the
Bessel function of the first kind), and we assume d = 250 um
between the atom and the beam center. In the case under
consideration, dw/wy = 1077 leads to a beam modulation
spectral line width of about 25 Hz. The change of the internal
state of the atom will be accompanied by a recoil equivalent
in absolute value to the momentum transfer to the electron.
We obtain a conservative upper bound for the Lamb Dicke
parameter of <4 x 10~ for a trap frequency of ~300 kHz (as
realized, e.g., in Ref. [21]) which implies that the recoil is
negligible (see Appendix A 7).

In this example, the fluctuations (e.g., shot noise, modula-
tion phase noise) of the modulated current are small relative
to the mean (see Fig. 3). The effect of the mean field can be
calculated using the rotating wave approximation. In this case,
the evolution equations for the quantum system become the

optical Bloch equations with constant coefficient matrix (see
Appendix H) and Rabi frequency Q ~ gsupB, ., /2k, where
gs is the electron’s gyromagnetic ratio, up is the Bohr mag-
neton, and By, is the amplitude of the Fourier component of
the electron beam’s magnetic field at the transition frequency
(see Ref. [23] and Appendix I). Since the distance between
the electron beam and the quantum system is larger than 2w,
the magnetic field of the electron beam at the position of the
quantum system is approximately that of an infinitesimally
thin beam, which implies Q =~ r. 1, /(d €) = \/Pecs ol /€ (S€€
Appendix I), where r, = o> /(4mm,) is the classical elec-
tron radius, pg is the vacuum permeability and m, is the
electron mass.

The finite spectral linewidth §w of the driving electromag-
netic field, represented by phase fluctuations, results in an
increase of the decoherence rate by b = dw/2 (see Appendix
H). Furthermore, the shot noise of the electron beam is a
source of amplitude noise of the driving field, which leads
to a dephasing rate P,.,.ly/e, where I is the average current.
However, this rate is much smaller than the Rabi frequency
Q provided that d > 2r.1y/1,, (see Appendix K). Since r, ~
10713 m, this condition is always fulfilled in practice.

A plot of the hyperfine state response due to a resonantly
modulated electron beam based on numerical evaluation of
the optical Bloch equations (see Appendix L) can be found in
Fig. 4(a). Several Rabi oscillations of the hyperfine states are
clearly visible, showing that coherent driving with an electron
beam is indeed possible. The largest contributor to the decay
of coherence is the beam modulation spectral linewidth; for
an analysis of other effects such as incoherent scattering (both
elastic and due to other transitions) and beam electron velocity
spread, see the Appendix.

B. Addressing NV~ centers in nanodiamond

In the second example, we consider negatively charged ni-
trogen vacancy (NV ™) centers in nanodiamonds, which could
be embedded, for example, in a freestanding nanostructure
[24]. We focus on the transition between the A, ground-state
magnetic sublevels m; = 0 and m, = 1, which are split by
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FIG. 4. (a) The time evolution of the inversion p,, — pg,, Where
Pee and pg, are the diagonal components of the quantum system’s
density matrix (g for ground state, e for excited state), for the
transition F =1, mp =0 < F =2, myr =0 for *'K at a distance d =
250 pm from the center of an electron beam of waist w =250 um, cur-
rent 100 wA, bunching parameter r,=0.5, Ey, = 18keV, FWHM
linewidth of the electron beam modulation dw,/2mw = 25Hz and
I'y =2I') < Swyp. (b) The time evolution of the inversion for the
transition m;=0 <> my=1 in the 34, state of an NV~ center at
a distance of d=70nm from a beam of waist w=10nm, current
50nA, Ey, = 2keV (average distance between electrons ~100 pm)
and bunching parameter r, &~ 0.5. We set 1/, =T, =6ms, 1/, =
T>» =3 ms and the FWHM linewidth of the electron beam modulation
dwy /2w = 300 Hz.

~2.87 GHz. The m; = —1 sublevel is well separated from the
my = 1 sublevel by at least ~4 MHz such that the transition
my;=0 < my=1 can be individually addressed and easily op-
tically detected [25]. This transition exhibits a coherence time
T; of up to 600 ms [26].

To achieve a sufficiently narrowly focused beam, the elec-
tron source could, for example, be a field emission electron
gun with a slightly modulated acceleration voltage. We con-
sider a modulated electron beam current generating a beam
waist of w = 10 nm at 2keV, a beam current of 50 nA (~100
electrons per modulation period) directed at a distance of
d =70nm next to the NV~ center. These electron beam
parameters can be achieved in a standard scanning electron
microscope. We assume a bunching parameter r, = 0.5 that
would be experimentally attainable at a drift distance of
~3 cm such that Az ~ 400nm < Ao ~ 9mm. In this situa-
tion, the magnetic near field of the electron beam consists of
distinct spikes due to the well-separated electrons. Therefore,
we cannot use the mean magnetic field in the optical Bloch
equations. Instead, we simulate the effect of the electron beam

on the state of the quantum system on the single electron
level. Electrons are randomly generated, their kinetic energy
is modulated, and their propagation over the drift distance / is
calculated to obtain the modulated current. For consecutively
passing groups of electrons, the optical Bloch equations with
time-dependent coefficients are solved iteratively. Details can
be found in Appendix M.

A simulation of the expected system evolution is presented
in Fig. 4(b). Several Rabi oscillations are clearly visible for
this example, damped due to the combined effect of the spec-
tral line width of the beam modulation (as a conservative
upper bound, we chose 8wy ~ 10~7w, as before leading to
a damping rate dwy/2 ~ 1kHz; see Appendix M) and the
intrinsic decay rates ', = 1/T, ~0.3kHz and Ty = 1/T} ~
0.2 kHz. Other effects can largely be ignored; the various con-
tributions of these are again discussed in Appendix M. Even
though this case is outside of the regime of small fluctuations
of the magnetic field, we do not find any notable additional
decay due to electron shot noise.

IV. POTENTIAL PATHWAY TO NANO-SCALE
RESOLUTION

The spatial resolution of coherent control utilizing elec-
tromagnetic radiation is generally limited by diffraction to
centimeters for MWSs, and to hundreds of nanometers for
optical frequencies. The need to selectively address individ-
ual quantum systems beyond the diffraction limit has been
partially met by strategies such as utilizing subwavelength
antennas [27,28], tunable resonance frequencies [29,30], or
coupling strengths [31], and utilizing multiphoton transitions
at a shorter wavelength [32]. The quantum klystron may
provide an alternative pathway toward spectrally selective
quantum control with nanoscale spatial resolution as we will
argue in the following.

While a temporally modulated beam produces an electro-
magnetic field that scales as d~! with distance, a stronger
localization of the field in the vicinity of the beam can be
achieved by employing oscillations of the beam position to
generate a driving signal. Then the oscillating near field of a
moving beam at the first harmonic and the second harmonic
(twice the modulation frequency) scale effectively as d 2 and
d~3, respectively.

Based on this faster decrease of the field, for example, at
a distance of d = 15nm to a one-dimensional array of NV
centers, adjacent NV centers with a distance of ~30 nm could
be individually controlled, in principle [the spatial depen-
dence of the Rabi frequency shows peaks of width ~40nm
(FWHM), plots can be found in Appendix M]. A full Rabi
flop may be performed on an NV center without incurring
significant decoherence by employing low-energetic electron
beams (e.g., 200 eV, see Appendix M).

Based on the picometer beam widths achievable in scan-
ning electron microscopy [33], the quantum klystron scheme
allows for the creation of spatially structured oscillating elec-
tromagnetic near fields in two dimensions on the atomic
scale (by choosing an electron impact parameter d of sev-
eral Angstrom) which, in principle, could be employed for
coherent control of systems that are sufficiently robust against
electric field noise such as nuclear spins [29].
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V. CONCLUSIONS

In summary, our results show that the electromagnetic near
field of a classically modulated electron beam can be used to
coherently drive quantum systems and potentially provide a
pathway to nanoscale resolution.

The quantum klystron could be combined with a scanning
electron microscope [34] to perform coherent spectroscopic
investigations by directing a modulated electron beam next to
a sample to selectively drive a quantum transition of interest.
This can be realized in a setup similar to aloof electron energy
loss spectroscopy (EELS) [7,35], where the electron beam is
directed at a distance of tens of nanometer from the sample to
reduce radiation damage.

In the MW frequency range, the excitation levels at ev-
ery beam position could be readout by an optical channel
[36] or MW sensors [29]. This is particularly interesting, as
the MW range is inaccessible to the incoherent conventional
methods, where the spectral resolution is determined by the
energy spread of a monochromated electron beam [7,8]. For
electric dipole transitions in the far infrared frequency range,
the readout of the sample’s excitation could also be performed
with an additional monochromated electron beam applying
the aloof EELS method. The coherent control provided by the
quantum klystron would potentially enable increased spectral
resolution by employing the method of Ramsey spectroscopy
[37], which is widely used in spectroscopic applications from
NMR [29] to timekeeping [38].

An appealing feature of the general approach to electron
spectroscopy described above is that the coherence-preserving
scattering investigated in this paper leads to a coherent addi-
tion of excitation levels from individual electrons [39]. This
results in a quadratic dependence of the excitation level on the
number of electrons close to p,, — pg, = 1 (demonstrated,
e.g., in Fig. 4 by the quadratic decrease/increase of the tran-
sition probability with time). It also leads to an increase of
the transition rate per electron by orders of magnitude in com-
parison to incoherent scattering [40]. This scheme could be,
for example, utilized to investigate specimens with reduced
electron dose.

Finally, we note that the electron-based control of quantum
systems can be extended to electric and magnetic multipole
transitions. Such transitions are driven by the corresponding
spatial derivatives of the electric and magnetic fields. Due
to the strong dependence on the beam’s near field on d, at
nanometer-scale distances from the beam, the multipole tran-
sition rates are enhanced by orders of magnitude compared to
addressing the same transitions by free-space electromagnetic
fields. This property can be used to study, e.g., quadrupole vi-
brational transitions in homonuclear diatomic molecules [41]
or to directly address the quadrupole transitions serving as the
basis of optical clocks [38].
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APPENDIX A: TRANSITION PROBABILITIES,
BACKACTION, AND DECOHERENCE

If the change of state of the electron due to backaction is in
principle detectable, decoherence occurs in the reduced state
of the quantum system. Here, we analyze this effect.

1. Transition probability due to a classical electron

The transition probability of the excited quantum system
due to the magnetic field of a passing pointlike classical
electron can be calculated with the interaction Hamiltonian
Hy=—(- B. We obtain the out state to first order:

lout)gs ~ <H+i/ dtg-E>|e).
hJ_

For an electron moving with a velocity v parallel to the z axis
with a displacement of 7, = (x, y), whose trajectory pierces
the z = 0 plane at time ¢;, the magnetic field is (Eq. 11.152 of
Ref. [43], translated and rotated)

(AD)

y
o Mnoey v
B;(0,t) = | —x ,
J 0 477(']2_ y2v2(t tj)2)3/2

(A2)

where r; = |7, | is the minimal distance between the single
electron and the quantum system (impact parameter) and
y = (1 —v?/c*)~1/? is the Lorentz factor. For the transition
probability, we find

2

Pe—>g: ?

2
Hoe|yiy, — Xthge|® [ wr
= (Pocbis —so, (0r))
2nhryyv yv
where 1, and Wy are the components of the transition dipole
moment. For the plot in Fig. 2 of the main text, we consider
x =0, y=r,, and the magnetic dipole moment oriented in
the x direction. The same results are obtained for the inverse
process g — e, implying that P,_,, = P,_, ; for the purposes of
this paper.

o0 -
(gI/ dr v - Ble)
—00

2. QED model for backaction

We consider the transition from the excited to the ground
state first and obtain the opposite case by the replacement
wy — —wo. We assume that the quantum system’s dimen-
sions are much smaller than its distance to the center of
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the electron beam d and the modulation wave length Ay =
2w v/wy, where v is the average velocity of the electrons and
wy 1s the radian frequency of both the modulation and the
transition of the quantum system. Thus, we can consider the
quantum system as pointlike. Furthermore, we consider an
initial Gaussian matter-wave packet of longitudinal size much
smaller than A, such that the beam modulation is not on the
level of the single electron wave function but corresponds to
correlations between electrons. The transversal width of the
Gaussian matter-wave packet is bound from above by the focal
width of the beam as Ar; < w/2.

We describe the electron field as a Dirac field normalized
with the charge

o= [druty = @b
such that QY5 ¥y .v) = 2uh)*8®(p — p’')Sy. Further-
more, we define the momentum eigenstates as

hw,+mc? -
R GEN A Gl (A5)

A/ 2hiwp(fiwy+mc?) Xs

where w, = ¢\/|p|*> + m?>c?/h, & = (o1, 02, 03) is the vector
of Pauli matrices and x, are the two-spinors x4 = (1, 0) and

= (0, 1). We restrict our considerations to the particle
solutions of positive energy. In the following, we will also
use the momentum eigenstates in the bra-ket notation |p, s)
that are defined such that v, (7) = (¥|p, s) and (p, s|p', s') =
Qahy89(p — p)dsy-

We assume that the electromagnetic field stays in the vac-
uum throughout the process (no spontaneous emission) and
that the quantum system is initially in the excited state |e). For
the electrons, we consider an initial state that is unpolarized,

d3p d3p/

Pelin = | axhy @mh)y

1
G () Pin(F') Z 1B, s)(P', 51,
(A6)

where ¢i,(p) is the polarization-independent single electron
wave function in the momentum representation. For explicit
calculations, we will use the z axis as the spin quantization
direction later. However, we note that the initial state is inde-
pendent of the choice of spin basis.

We consider an initial wave function ¢y, (p) in the interac-
tion region at # = 0 that factorizes into a transversal Gaussian
wave packet with width Ap, and a longitudinal Gaussian
wave packet with width Ap,, that is,

¢in(ﬁ) =
where [ /v is the time for the propagation of the wave
packet from the source and we decomposed p = p, + pi,
where p, and p, are parallel and perpendicular to the z axis,
respectively. For the longitudinal direction, we consider the
Gaussian wave packet

125\ 12 ep.o?
(271) h) €_ 1 4Alp§0 eilelol/h
Ap;, '

Gin,2(P)Pin, 1 (1 ) @rlho/v=10 (A7)

¢in,z(pz) = < (A8)

where the phase e/7:%/" incorporates the propagation from the
source at z = —li; to the interaction region. We assume that

the initial transversal state of the electron in real space is a
Gaussian wave packet displaced by 7y | , that is,

Iﬁfn,L(ﬁ, l) = &EJ_(?J_ - 7O,J_a t)v (A9)

and 1&1‘; | reaches its minimal extension at fy at the position
of the c]uantum system at z = 0. In momentum space, the
displacement leads to a factor e~7-70.1/7 The transversal
momentum spread is small enough to consider the transversal
dispersion nonrelativistically. In particular, the energy can be
approximated as

_ S /=p 22 5% /2 2.2 clp.?
op = I = Lt et + ol
(A10)

which implies the following form of the transversal wave
function in momentum space:

/ TN AN
znhe—iﬁl-F().J_/he 4Api e 2h4/p%+m2r2 ,
Ap,
where the last factor has been added to cancel the transversal

dispersion terms induced by the time evolution at # = #,. The
full in-state can be written as

Gin,L(PL) = (A11)

-—IZ(H@I' Ye)({e] ® er(ing|) (A12)
Pin = B g e 1MNg)e )((€ el {10g]),
where the state vectors |ing),; are defined as
d*p -
o= s b7 ) (A13)

To lowest order, after the electron and quantum system
interact, the full state will be

1
Pou = 5 Z |out,) (out], (A14)
where [44]
louty) = /T = P g(s)le) ® ling)el
+ VP g(5) |g) ® |scatty)e. (A15)

P,_, 4(s) is the probability for the transition from the excited to
the ground state for a fixed initial electron spin s defined as

d3 / 3p d3 17" .
Fesgls) = Z/ Qrhy Qrny @iy PP
x S8*(p,s;p', S Npn(P)S(B", ;5. 5), (A16)

where S(p,s;p’,s) = (g, B, 5, vac|SPle, p, s, vac) is the
scattering matrix element for the transition from momentum
p and spin s to p’ and s’ in second-order perturbation theory.
Furthermore, we define the normalized scattered state of the
electron

d3 / . .
scatty)e; = Z/ (2 71)3 ¢scall,x(p/v S/)|P/, S/),

where

(A17)

¢1n(ﬁ)$(ﬁﬂ s, ﬁ/v S/).
(A18)

3
N -1/2 p
¢scatt,S(p > S ) - (Pe_)g(S)) /(2ﬂh)3
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The driving process can only be coherent if the reduced density matrix of the quantum system (with the partial trace taken over
the electron Hilbert space) is close to that of a pure state. We find

1 d3p - - 7
oy = Tralpmal =3 33 [ o (7. lout ) (ou, |7, ) (A19)

and

(P. 5'louty) = 85y Pin(P)le) + Pscars(B. s)Ig)- (A20)

Therefore,

1 d’p s R
0o = 3 Z ((1 — Pog(s)ledel + /1 — PHg(S)\/PHg(S)/ Wd’in(p) Dscatt,s (D, 5) |e) (gl + c.c. + Poso(s)|g) (gl)

N

( -3 Z Pe_>g(S) % ZS RV Pe—)g(s)<inx|scattX>> (AZl)
Z /Pes o (s)(ing|scatt,)* %Z P o(s)

to second order in ,/ P,_o(s). We will find later that 2|P,_, g(+1/2) — Pory o(—1/2)|/|Pes g(+1/2) + Pos o(—1/2)| is at most
of the order of 10~? in the case that we consider here. So, in the following, we assume that P, o(+1/2) = P, ,(—1/2) =

P,_, ;. Furthermore, we find that P,_,, = P,_,.. Since \/P,_,, > P._,,, the change of the reduced density matrix in Eq. (A21) is
dominated by the off-diagonal terms. Therefore, for coherent driving to be possible, in principle, we need

1
3 Z (ing|scatty)

s

>/ Peosg. (A22)

3. The scattering matrix element
For the S matrix, we have (see Chap. VIII of Ref. [45] or 104 of Ref. [46] for details)

S =Texp (—h—c / d*x J*A > (A23)

where 7~ denotes time ordering, /* contains all of the currents of charged particles, and AM is the electromagnetic four-potential
operator. The lowest order interaction term for our process occurs at second order, for which we find

8@ = 2(h 7 / d*x / a*xX T )" (NT AL (0A, (xX)). (A24)
For the process under consideration, the electromagnetic field stays in the vacuum state and we use
(vac|T (A, (0)A, (x'))|vac) = iD},, (x — x'), (A25)

where DEV(x — x’) is the Feynman propagator of the electromagnetic field. We are considering a regime where the quantum
system only changes its internal state and the free electrons remain free, that is, we are neglecting any violent effects such as
ionization. Then, the charged current operator can be split into the current operator of the free electron and that of the quantum
system as

JH) = PO + [TE@0)1-, (A26)

and we obtain

f dixd*x [J9 )] D5 (x = xX)H[JE, (D], (A27)

p.s—p,s e—g

N i
S, s;p',s) = (g p, s, vac|SP|e, p, s, vac) = —
(hic)?

where J;"l‘H » »(x) is the transition current of the free electron and JE, ¢(x) is the transition current of the quantum system. We
consider the Feynman propagator in a specific gauge where only the spatial components do not vanish:

G 1 9iq;
DF X —x) = —uehic lim PG r)/h e idoc(t— t)//‘1 8 — L A28
(= ¥) = —pofi'e lim (2nh)4 — g +ie\" g5 (A2
(the real space version of the expressions given in Ref. [47] Eq. (A.7b) and Ref. [45], §76). Therefore, we can restrict our
considerations to the spatial components of the transition currents. We describe the free electron as a charged spin-1/2 field with
the current (using @ = y°(y!, ¥2, ¥?) and y* the Dirac matrices)

662

2h, [0,

Fel T - —i(p'—p)F i(w  — - - . - - -
J;,_v*)p’ys’ = —ec 1/’;;’,5’ (24 wp,S = - e l(p P) r/hel(wp wﬁ)t((Kp’,p p+Kp,p’p/)853’+l(Kp’,pp - Kp,p’ p/) X X,T’O'X_V)a (A29)
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| hwy + mc? i
Kp.p = —ha),, e = (kpp) . (A30)

We remark that the quantization volume is omitted throughout the calculations, so f;L ” has the dimensions of a current instead
of a current density.

To describe the schemes proposed in this paper, we restrict our considerations to magnetic dipole transitions of the quantum
system (we also consider the effect of electric dipole transitions in Appendix B). Furthermore, we assume that the quantum
system is much heavier than the electrons (e.g., m,/maug ~ 107> for our first example and much smaller for the NV center in
diamond) such that we can ignore the momentum recoil on the quantum system for this calculation. In this case, the spatial
wave function of the quantum system is always unchanged to a good approximation. Then, the transition current of the quantum
system can be approximated as that of a pointlike magnetic dipole (see p. 79 of Ref. [48])

where

T8 (x) = —e ™" x V8PP, (A31)

e—>g

where [i is the magnetic transition dipole moment. Partial integration and execution of the Fourier transforms leads to

2
- epoc . 1 .
S 5 85 _'/’S/ = - m ijl Ky i+ Kp oy /. o 835/
P, s:p58) 2 Sy e /o) — |ﬁ’—ﬁ|2+ie( (kp.pPj+ Kpp PIK(P) — P1)
+ (88" — 8™ Nk p P — Ky Do)k (D) — POXSuXs) 278 (@ — wp — ). (A32)

Since w,/wy = c+/|p|* + m2c?/hiwy = 1010 > 1, energy conservation implies

fiw,y + mc? hiwy
Kp.p = SRl =~ (A33)
hwy — hay + mc 2(hwy + mc*)

and kp y ~ 1, which leads to

2
eoc . ) N
———— (M + pp(p — pr) 8 — i(8™8™ — 8™ 8™)(P), — Ptk (P} — POX GO Xs)
=

2h, J@,0

S(ﬁy s;ﬁ/v s/) X —

1
X ==
(heo/c)* — |p" — P

where the limit has been taken trivially since Ziwo/c # |p’ — p| due to the energy conservation condition w, — w, — wo.

3 21 8(wy — wp — wy), (A34)

4. The scattered state

For the scattered state, we find

- I d*p v
Frcats (P 5) = / G On(PS( 57

_eloc 1

2 d*p . 1
20 Z/ @y P o hanfc? — 15 — B

227‘[5(0),,/ — w, — wy)

x (2™ pl e pr 85 + i((P, — )" (P — P)oLy — 1B — Bl iol). (A35)

where asls, = x:,o’ xs- Note that we have defined q?scan,;(ﬁ, s) as the unnormalized scattered wave function for notational
convenience, i.e., Psca,s (P, §) = y/Pees gPscaut,s (D, 5). We define

2 172
Pesol(Pi, P = (?z(“"” — w)? —mPe? — mz) : (A36)

Energy conservation implies p, = p, (P, p’) and we obtain

-1 2

L R wy —
3(pz — Pzsol(G L, P/)) == £

dw, 5
Cz pZ,SO](ﬁLa ﬁ/)

5 (P2 = Pzsot(@L, P'))s (A37)
Pz

oy —wp, —wy) = ‘
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and for the scattered state

2
7 Sy RO Oy 00 i)/ [ 4 PL 5 s = 1
' £ N - e 4 i S ’ i - - - =
¢scatt,s(p ) ) oy (27‘[Fl)2 ¢1n,z(pz,snl([7i D)) ‘pm,L(pL)a(pJ_7 p/)z T |pi — pJ_|2

, P, (DL = posa(PL, P+ 1P — Pol?
|2 <p¢,1 - PL,l+ﬂ> Bgy + i = 10y
Dzsol(PL, P') Dzsol(PL, P')

1
—i————— (P, = Prsot(PL PN+ (P — PL)O™)
Dzsol(PL, D) ¢ asoltPL L +
x ((p, = prsat(PL. PN + (P, — PJ_,I)GSIS/))’ (A38)
where
> =/\2 / = =/\\2 2
a(pL,p) = (p, — Prsol(PL, P))” — (hao/c)". (A39)

We assume that the magnetic dipole moment /i of the transition under consideration is pointing into the x direction. If we take
into account that we have chosen the spin-quantization direction along the z axis, for the spin-preserving case, we find

d_)scatt (ﬁ/ 5) = el [ L] 4 __a)o e_i(w,:’—wo)(lto‘/v—lo) dsz- d’in,z(pz,sol(ﬁj_v ﬁ/))d’in,L(ﬁL)
58 ’ - - - - -
2 Wy Qrh)?  a(pL, p'? +1p. —pLP

2 —1/2:/ 1 p/z
x (2| P, —pL +> + (=D - pl,x)<1 -——) (A40)
( < = " Prsol(PLy B') o Pzsol(PLs P')

and for the spin-flip transition,

20 & 5 5N (B
Becatis (7 —5) = €lo ey wp — Wo e,i(wp/,wo)(lml/v,;o)v/‘ d°p1 Gin(Pesol(PLs P)) i1 (P1)
4

2 Qrh?  a(pL, p'» +I1pL —pLl?
x i%((p’z — pesal(PLs B 4+ Py — pLy)((Py — piy) — (=1 2i(p L — pro)).
Pzsol(PL, P') ” ’ ’
(A41)
In terms of the unnormalized scattered wave functions, the transition probability is
d3p/ B
P, = A 2z |Pscatt,s _'/7 g 2- A42
<(5) Z f G s (P50 (A42)

Taking P, g(+1/2) = P, 4(—1/2) = P,_,, for granted, the spin-averaged overlap becomes

1 . d3p . 1 )
3 Z(mslscatts) = / Qnhy ®in(P) 3 Z(l)scan,s(p, s)
! Pp A
- m (2ﬂh)3 ®in(P) 5 Zfﬁscatt,s(P, s)

_ 9“0”" i@l /v=1o)
= 0or/v 0 2 h)3¢1nz(p7) Gin, L (P

e<—>g

[@Wp — Wo dZPJ. - = (p/i y “PLyp sol(pJ_ p ))
i Z ’ i A43
(2 fl)z ¢n,z(p~,sol(pl_ P )) ¢1n,l(pl)a(ﬁl’ )2 T |[7J_ | ( )

where the spin term has canceled out.

5. Numerical treatment

We consider a Gaussian envelope for the input wave function ¢;, given in Egs. (A11) and (A8). We rewrite the above
equations in terms of dimensionless quantities 7 | = p' /(2Apy), 71 = p1/RApL), 7. = p./RAp.), .0 = p.o/(2Ap.), and
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Po,L =To12Ap) /h=To1/Ary so

- Q. —Q . R . SR
Pcars (7 ‘s)y=F ”Q 0 e~ @y —S20)(t—70) / dZﬂl o~ (Tesal(TL7 )_ﬂz,o)zeln:.sol(ﬂl_vn o
-

22
ig2 17|

T 1
P =2 R
x @ IELBoL =R 5 24 /7 50l G172 4M?

L, & P+ (7] — AL

o s + (=12 )1 s (A44)
% T -7 - & @ — 1AVI4 — T x - T S SN ’
Ly - Tos0l(TL, 7T) b - 5ol (L, )

and
) 17 12
é%catt @', =) =F _Q”, — 2 e~ 1@y —S0)(t—70) / dznl e*(ﬂz,ml(ﬁpﬁ')*ﬂz,o)zeiﬂz,ml(ﬁpﬁ’)ie*iﬁrﬁo;e*ﬁfelg Zwlﬂ;_soﬁh-ﬁ’)u"/’zt
S 5 ’ Qﬂr
< ! (= Mo (Rl B 4+ £, — 7L
a2+ 7] — R Em (LR T L N
x (), —miy) — (=D i] =m0, (A45)
where
- - /N2 1 / ~ =3 = /\\2 2
a@@,, #'y = 5—2((% — s (@l 7)) — Q5), (A46)
Tosol (L, ') = (e — Qo) — M — £27271)"2, (A47)
Q. = \/nz/z EP 4+ M, (A48)

Qp = 2?2";?2 M= Z’Z;Z, E=ApL/Ap., [ =2Ap.loi/li = Lt/ Azo, T = 2Ap,cliy/(BV), Ty = 2Ap,cty/ T, and

epolitl ( 2m)'2r\"? eptoljil
= V2nh= —MM A49
d (2nh)2< Ap. T Qny M hAp.) (849)

As above, the transversal dispersion can be treated perturbatively. In particular, we have
ool (L, )~ (R — Q0)* = MH)'? = 387 (2 — Q0)* — M*)™'/? (A50)

to first order in & 27?}_ / ”12,0 = ﬁzl / p(z) and

12
M M? + 72 Q. Q —Q
% _c_r7_ ( 20) ~ - 0 and (A51)

v 72,0 TTz,0 (972r — Mz)]/2 (Qq — Qo) — M?)!1/2
ézﬁ'i _ fzﬁi

Vsl 7P+ M2 Q= Q0

(A52)

to zeroth order and first order in & zﬁf_ / ”12,0’ respectively. Then, to first order in & zﬁf_ / ”12.0’ we find for the sum of the dispersion
phases

=2
un

2\/771,501(7?J_7 7’2+ M?

oo, ) + &2 T~ (Q — Qo) — M), (AS53)

which is independent of 777 and can be pulled out of the integral. Then, the transversal dispersion of the wave packet over the
drift distance is canceled by the phases we introduced when we defined the initial state just for this purpose since we consider
the electron beam to be focused in the interaction region. The final dispersion phase cancels in the probability integral. It only
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appears in the overlap integral. We define the dispersion free scattered state functions

- Q ; — QO = =7 2 = 2 =2 1
=/ T 2 — (501 (WL, 7T ) =T, —ifty-Po,L ,— T
¢scatt,s(n,5):}— L dnj_e(wsol(L ) o)e 1P, — — — —
Qy a(@y, '+ |7 — 7|
’

x(2(x), —my— Vi, (1o — )}, (ase
N N nz,sol(nl_v ') ’ ' nz,sol(nj_a ')

- N Qr — Qo = m 2 = s =2 1 i
Pucarrs(@', =) = F [ ——— /dZTfJ_ e N2 1= = 2 = =,
Qyp a(@., 7'+ |7TJ_ — 7| Enz,sol(ni» )

X (] = M@, 7))+ E(r), —mi ) (], —my) — (=1 i — 71 0)). (A55)

Then, the probability is obtained as

and

Preos() = P Y [ @75/ PP (AS6)

where

F_ 2Ap (2Ap)'? epol il _ efol it | (A57)
Qrhy? QayPhAp )2~ hArn PQr)pR

Using the semiclassical transition probability found in Eq. (A3) above implies
]—: 2 1o, 1L 2 1
= . . A58
P, (5) (ArL 473(2m)l/2 (AS8)

Performing the same approximations as above for the initial state, we find

A 125\ 1/2 ) w2 17
(i) = —f”h((zz) h) e g o g NI i)
pL Pz
Yoy 125\ 1/2 ).
N i”"(—(z? h) e s g () T iy ), (A59)
pL Pz

Then, the spin-averaged overlap is
1 . i T—T 1 = INk T -
5 Z(lns|scatts> =e ot O)E Z / d37f/¢in(77 ) ¢scatt,s”(77/: S/)'

Under the integral, the remaining relative phase between in-state and scattered state can be approximated as

Qn Qn’ ltot

1/2\7 ’ =
(Q — Qo) —MH'? —(Q2, - M) NI~ -Qp— =27 =, (A60)
( ( ) ) (Qi,—Mz)]/z (QJZI,—MZ)I/Z 2o
Then, we define the undispersed wave packet
125\ 1/2
pL Pz
and calculate the spin-averaged overlap as
| ) _1p ) ~1/2
EZ(ins|scatts) = ( / d3n|¢m(ﬁ)|2> (Z / d3n’|¢m,s(ﬁ’,s’)|2>
iQo(t—10) 1 3.0 % =2 Nk T Sy T @2 fL/Z)l/Zi
x e 0 EZ A" Gin(T ") Pscan, s (T, 5 e ! . (A61)

For the numerical evaluation, we set 79 = 0.
Due to the Gaussian shape of the initial state, the momentum distribution can be restricted to the intervals given by —n <
w, — .0 Snand —n < |7, | < n. We chose n = 5, which implies that contributions smaller than e~2° are neglected. The

023247-11



RATZEL, HARTLEY, SCHWARTZ, AND HASLINGER PHYSICAL REVIEW RESEARCH 3, 023247 (2021)
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FIG. 5. Upper left plot: The transition probability for initial spin +1/2 plotted for different distances between the quantum system and the
beam line. Upper right plot: The relative difference between the transition probabilities for the initial spin states. This plot shows fluctuations
that are due to numerical noise. We can conclude that the relative difference is at most of the order of 10~° and potentially even lower. Therefore,
probabilities can be considered as equal for the purposes of this paper. Lower left plot: The quotient of the numerically calculated transition
probability and the semiclassical result above in Eq. (A3). The numerical result agrees with the analytical result by 1% or less for distances
larger than 10Ar, . Lower right plot: The overlap of the initial electron state and the final electron state. For distances > 6 Ar, , the overlap can
be considered to be one for the purposes of this paper. The plots were obtained for Ar; = 5nm, Azy = 100nm, w, = 27 x 2.87 x 10° rad/s,
an initial kinetic energy of the electron of 2 keV and a total propagation distance from the electron source /,, = 1 m. For 7, ; we considered
(0, ro.1 ), that is, the quantum system and the center of the electron wave packet lie in the y-z plane.

corresponding initial range of significant electron energies is

2 2
LT g g < Mmotn(4E)

A62
an’o 2,0 ~v 297&.0 ( )

where Q. | = /71220 + M? and we used the fact that 7, ¢ >> &n. Due to energy conservation, it follows that the integration of
the final wave function can be restricted to

Q. Q 2(1 4 g2
|7TZ/|§7T1,()+ 72,0 0+n+n( E )’ (A63)
' 7'[27() 27‘[1’0
1711 S E7Vm20 + 290, Qo — w2 + 20 + n7(1 4+ 8|7, (AG4)
and if nzo +2Q; Q0 — nz/z —2nm, > 0,
711 2 £ [n2g + 290, Qo — 1,2 — 2070 7, (A65)

where we have taken into account that Qo < £2_,. Plots of the results are given in Fig. 5 for the parameters used for the second
explicit example presented in this paper; an NV center in diamond driven by an electron beam on the nanoscale. Similar plots
are obtained for the parameters considered for the first example. We unsurprisingly find no visible effect of the initial spin on the
transition probability. Furthermore, for distances of about 10Ar, the numerical result for the transition probability approaches
the result of the semiclassical calculation found in Eq. (A3), a result which can be assumed to continue for even larger distances.
The condition on the overlap of in-state and out-state in Eq. (A22) is fulfilled for all distances in the plot. This behavior can also
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be expected to continue for larger distances. Our numerical result shows that, for tp = 0, the overlap is purely imaginary (the
real part cannot be distinguished from numerical noise).

For the transition from the ground to the excited state, we must perform the replacement wy — —wy in all equations above.
Performing the numerical analysis as before leads to the conclusion that

) (A66)

1 .
5 Z <11’ls | Scatts>e—>g ~

1 .
z Z <1I15 | Scattx>g—>e

N

s

where we defined [scatt).—., as the scattered state of the electron after inducing a transition from the ground state to the
excited state and analogously [scatty),_,.. Furthermore, we obtain that the overlap is imaginary for 7o = 0 and positive as for the
transition e — g. This implies

|, e )
3 st(lnslscatts)eﬁg - (E Z:(lnslscatmgﬁe) . (A67)

6. General initial state

In this section, we investigate the effect on the quantum system starting from a general separable pure state
|in) = (ale) + Blg)) @ [in)e. (A68)

From our results above, we conclude that the spin of the electron can be neglected and that P,_,, = P,, and we will write P for
both in the following. After the scattering, the state becomes

lout) = a[+/T — Ple) ® lin)y + VPlg) ® Iscatt)y ] + BIVI — Plg) ® lin)y + vPle) ® [scatt)y ool  (A69)

*

el,g—e and

Taking into account Eq. (A67) with spin-independent overlaps and defining iA| = ¢j{in|scatt)ej . = — 1 (in|scatt)
Ay = ¢ —g(scatt|scatt) ., we find for the reduced density matrix

_ @f ) , ,m(—AeB NS —Aflal + ATBEY (18R A
ew=0-p(ly ) P(NRE NG e s ) (e ) @

The change of the reduced density matrix due to the scattering event can be written in terms of the vector of components of the
density matrix (in the corotating frame as we started in the interaction picture) (Deg, Pges Pecs Pog) = (€ B*, o™ B, loe]?, |B]?) as

Peg —P PAy  —iAVP iNINP | [Py

Pee | | PA3 —P iNivVP  —iAVP || Pee
N . . (AT1)

Pee —lAlx/ﬁ ZAI\/ﬁ —P P Pee

Peg iNiv/P  —iNi/P P —P Peg
There are two extremal situations; when the electron state is either unchanged to a good approximation (|A;| = |Az| =1,
corresponding to the case we obtain here) or so strongly affected so as to be in an almost orthogonal state (|[A;| = |Az| = 0), so

the reduced state of the quantum system remains approximately in a pure state (coherence preserving scattering) or becomes a
mixed state (decohering scattering), respectively.
If the electron state changes substantially, that is, A} < \/ﬁ, we obtain the case of incoherent scattering

Peg —P 0 0 0 Peg
Pge | _ 0 —pP 0 0 Pge

A Pee - 0 0 —P P Pee ’ (A72)
Pag 0 0 P —P |l pg

where the quantum system is driven by a stochastic force into a steady state of vanishing inversion p., — p4; = 0 and vanishing
off-diagonal components which is a maximally mixed state.
When the state change of the electron is negligible up to a phase, we find

N o Ry R Al
peg : ) X peg
Al P | Z | P —P ie?VP  —ie?JP || Py (A73)
Pee —ie'? /P ieT /P -P P Pec |
Pgg ie*/P  —ie7*/P P -F &
where we have defined ¢ (in|scatt)el ¢ = — el{in|scatt)yj ., = ie'” and, therefore, Ay = e1 . g(scatt|scatt)el ;.. = ¢~>*. Note

that the phase ¢ encodes the arrival time of the center of the wave packet, that is, ¢ = wyt. Considering consecutive interactions
with single electrons with arrival times that are equivalent modulo 27 /@, we obtain oscillating dynamics, Rabi oscillations, of
the quantum system’s state inversion pge — Pge-
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The appearance of Rabi oscillations can also be seen analytically by an approximate continuum treatment: considering
consecutive interactions with single electrons of a current /(¢) with fixed temporal distance between electrons Ar and taking
the limit A pqs/At — d pys/dt while keeping P/ At finite, Eq. (A71) leads to

Ibeg 0 0 _e.—iwot e—i'wot Z)Eg
4P| _ MMIVPIO| 0 0 e e ] D (AT4)
d[ I’(")ee e _ela)of e*lw()t 0 0 ,Z)ee )
pgg eiwnf _efiwgt 0 0 :bgg
where we assumed A = |A;|e/®’. This is equivalent to the optical Bloch equations without damping (see Appendix H). The

rotating wave approximation reveals a Rabi frequency that depends on the overlap as Q = /Pl (in|scatt)el e |1, /€, Where I,
is the resonant Fourier component of the electron current.

From the vanishing diagonal blocks in the continuum limit Eq. (A74), we also conclude that the terms in the diagonal blocks
in Eq. (A71) can be associated with the discreteness of the beam electrons.

Using the parameterization of the complex parameters of the initial state

a=cosg, B =e"sing, (A75)
the change of inversion for the two extremal cases is

—2Pcos (2¢) — 2+/Psin 2g)sinp  |out)y — [in)g

2P cos (2¢) lout)y, — |in).. (AT6)

A(bee - Ibgg) = {

which shows that the inversion change due to coherence preserving scattering reaches its maximum of 24/P at ¢ = 7 /4, where
Pee — Pgg = 0, while the inversion change due to decohering scattering has maximums of 2P when ¢ reaches multiples of
/2, where p,. — Pg, = £1. In particular, the maximal effect of coherence-preserving scattering on the quantum system’s state
inversion is larger by a factor 1/+/P than the maximal effect of decohering scattering, which is usually several order of magnitude
(11 orders of magnitude in our first example).

7. Recoil of the quantum system

The change of the internal state of the quantum system will be accompanied by a recoil equivalent in absolute value to the
momentum transfer to the electron. We can give a bound on the momentum transfer to the electron based on the numerical overlap
between the electron in-state and the scattered state. For the overlap to be close to one, the transversal momentum change has
to be much smaller than the transversal momentum spread of the initial wave packet. From our simulations, we find an overlap
of more than 0.99 even for a wave packet width of Ar; = 50 um, leading to a bound on the transversal momentum transfer
to the quantum system 8p; < 2 x 10739 kg m/s. For trapped atoms with a trap frequency ~300 kHz, this is much smaller than
the momentum difference between the motional ground and excited state of the potassium atoms. Explicitly, the Lamb Dicke
parameter is 8p . /\/2mhwysp S 4 % 10~*. Hence, for a setup as described in Ref. [21], we can conclude that the atoms will stay
in the motional ground state during the interaction time.

APPENDIX B: OTHER INELASTIC SCATTERING PROCESSES

We can estimate the total electron scattering probability using the total scattering cross section (comprising ionization,
elastic and inelastic scattering [49]). For potassium atoms exposed to an 18 keV electron beam, we find o;,, ~ 1.5 - 10~ "cm?,
extrapolated from Ref. [50]. The current density j of a Gaussian beam at Sw would theoretically lead to a negligible scattering
rate oy, j /e, where e is the elementary charge. Therefore, all short-range interactions can be neglected.

To reduce unwanted effects due to electrons scattering on the diamond structure of an NV center [51] to a negligible level, the
electron beam intensity at the position of the NV center should be reduced by a factor of 10~® compared to its maximum. At this
intensity, the number of electrons scattering within a radius of 1 nm around the NV center per period of the Rabi oscillation is
less than one. This can be achieved for a Gaussian beam at a distance of five waists or more, which is fulfilled for the parameters
considered here.

1. Electric dipole transitions

In addition to the transitions we consider, there are electric dipole transitions that can lead to an effective loss of the quantum
system. Since these processes are incoherent, the probability for these transitions can be estimated using the transition probability
for a single scattering event. Nearly all electrons in the beam are further away from the quantum system than the transversal width
of their wave packets. Therefore, we model the interaction of the electron with the quantum system as that of a pointlike charged
particle, as above. For electric dipole transitions, we start from the interaction Hamiltonian Hi,, = —d - E to obtain the atomic
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out state to first order,

: 00
lout)gs ~ (]I n i/ dtc?(t)-E(t)>|e), (B1)
hJ o
in the interaction picture. For the transition probability, we find

2 2

1
d
Pg—)():?

hz

<g|f drd(t)-E(t)le)

o0 X R .
/ dt e7“'dg, - E(1)
—0oQ0

(B2)

for a transition from the ground state |g) to an “other” state |0). The electric field of the electron moving parallel to the z axis in
the y-z plane is

E,(0,1) = AL , (B3)
Y dren(r? + y2v3(t — t;)?)3/2
t—t;
E.0.1) = eyt — 1)) (B4)

dren(rt + y22(t —1;)?)?

where y is the Lorentz factor. Then,

o . d:
dt e 3y B(t) = — e [ @k [ 22 ) — =Ky [ 22 (BS)
8 2 2 go
o ey v yv vy o\ yv

is the Fourier transform of the electric field due to a single pointlike electron. For the transition probability, we find

ew 2 or; \ d ori \\°
PLo=(—= ) ((a ki Z2)) + (ko 2=
§ 27 i gy v2 8 Y y yv
re 2c 2 dyy wry wr| 2 d:, owr, wr| 2
2mr) v eay yv yv yeay yv YU

where X, is the electron Compton wavelength and ag is the Bohr radius. For the parameters used in example 1 to generate
Fig. 4(a), we obtain r, /(yv) ~ 1072, Therefore, electric dipole transitions of potassium atoms are exponentially suppressed
and can be neglected. The transition energy of the electric dipole transition from the NV~ center 34, ground state to the next
excited state (the zero phonon line) has the transition energy 1.945 eV. This leads to exponential suppression and Pg7>0 ~ 1071
for the parameters used to generate the results presented in Fig. 4(b). These parameters correspond to ~108 electrons passing

the quantum system per Rabi cycle, leading to a total electric transition probability per Rabi cycle on the order of P;_>0 ~ 1073,
which can be neglected.

2. Full QED calculation for electric dipole transitions
The derivation of the scattering matrix elements and the scattered state in full QED works along the same lines as for magnetic

dipole transitions above. We assume that the transition of the quantum system is due to a state change of an electron of the
quantum system. Then, the transition current can be expressed as

1

798 eh —iwjt * *
JE () = == (Y VYy — Y Vipe). (B7)
e— om 8 14
Partial integration and execution of the Fourier transforms leads to

el eugc?

S_',_}/ = ————((Ky i+K p T/f‘f‘ieimn/" m — Kp,p/ ' tanr
(p,p) m 2W(( p.p P p.p P )XJ X ( p.p P .y pm)Xs Xs)
1 v —p)p; — pj)
X 278(wy — ) — W) lim — (,-j— bi— P pfzp’>
e~0% (Mwe/c)* — |p" — pI* + i€ (hweg/c)
x / A e PTPT Iy Nyt — V) (7). (B8)

We assume that the quantum system is strongly localized in comparison to the distance between the electron and the quantum
system and we neglect recoil on the quantum system. Furthermore, we assume that the transition of the quantum systems is
between different energy states of an electron of the quantum system and that the Hamiltonian defining the electronic level
structure of the quantum system contains the momentum operator —i/iV only in the kinetic term —%*V?/2m. For example, the
Hamiltonian modeling the electronic structure of NV centers is of this form [52]. Then, we find

2
(Ee — Ey) f Er Yy = f &r' Y Y, = % / &°r' Y Ve, (B9)
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such that
/d%/ YV = /d3r’ Vi Fv = 5D,
We employ the dipole approximation as
[ e T Ty -0~ [ @ v - vV = -25D,

We obtain the scattering matrix element

epLoc?

S(p’p):_—zm

1 2

x lim —— -
e—0* (hweg/c)* — |p' — PI> + i€

<_wegpeg,i + %(ﬁ/ - ‘5)1 (ﬁ/ - ﬁ) : Tjeg)
24

Since w,/we, = ¢/ 11> + m2c?/liwyg = 10'° > 1, energy conservation implies

hoy +me? iweg N
Kp’,p = h — h 5 ~ l + —2 ~
Wy — hweg + mc 2(hwy + mc?)

and likewise for «, ,y, which leads to

epoc?

7 (we(B'+ P + 20y (5" = P)) - Deg x{ s
a)pr

Sp. P~ —

. 1
i0eg€ ™ Deg i(Plyy — Pi) XS0 Xs) 2T 8(wyy — @ — i) i .
+ i0eg€™ Deg.i(Pyy = Pm) Xy OnXs) 280y — wp — eg) lim (g <P — 17 — P T i€

We used the energy conservation condition @, — @, — W, that w, > w,, and mc? > hweg, and

2
1p'|* —1pI* ~ 2 ~
p plIm = a)pra)egcz.

With the z direction as the quantization direction, we obtain the unnormalized scattered state without a spin flip

WU [ DL i ), ) 1 1
2 (Zﬂh)z s ’ ' a(ﬁl5 ﬁ/)z + |l_jJ’_ - ﬁL|2 pz,sol(ﬁl’ ﬁ/)

qgscatt,s(ﬁ/a S) N —

X (=@eg(P, + pesol(Prs P)) + 20y (P, — pesa(Pr, PND;,
+ (_weg(ﬁi + ﬁL) + pr’ (ﬁl - ﬁi)) : Tjeg,i) + (_1)S71/2iweg€imZ,Deg,i(ﬁi - ﬁl)m),
and the scattered state with a spin flip

- o/ ~ -eﬂohweg / d2p¢ o oy o 1 1
SC& ’ —s) ~1 i S ’ ’ - - - - - -
¢scatt,s(p ) P (2JTh)2 ¢1n(pz,sol(pi )4 ) pi)a(pL’ p,)2 + |pJ,_ — pj_|2 Pz,sol(PJ_, p/)

X (Eszeg,i(p/Z - pZ,SOl(ﬁJ_v ﬁ/)) - 6imn,l)eg,i(ﬁj_ - ﬁJ.)m)(SZ + l(_ 1 )x—l/28z)
.epoliweg dzpi o o o 1 1
=1 Gin(Pzsot(PLs P )y PL)—=——= — ——
2 Qmh)> T a(pr, p'P + 1P\ — PLP pesa(Pi, P)

X (—(Degy = i(=1)"""*Deg Y, = pesol(Br. B)) + Deg. (P — py) — i(=1 "2 (Pl = p))).

3. Numerical treatment

((Kp’,p pi + Kpp P/i)X}X‘y + iéimn(’(p’,p Pm — Kp,p p;n)X;UnXx)ZTE(S((Up’ —wWp — weg)

(B10)

(B11)

(B12)

(B13)

(B14)

(B15)

(B16)

(B17)

We again use the Gaussian envelopes given in Egs. (Al1l) and (A8). We rewrite the above equations in terms of the
dimensionless quantities 77| = p' /(2Ap.), 1 = p1/QRAp1), n. = p./QAp;), and Py = To 12Ap, /h=To1/Ari. As
noted in the numerical treatment of magnetic dipole transitions, the dispersion phase does not enter into the probabilities to
first order in |5 |?/ P§,0~ Since we are only interested in the probabilities here, we only consider the dispersion free scattered
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wave functions

g (*/ Y= —F d2 — (5ol (L7 ) =120)* ,—ift LB, 1 ,—71
Dscatt,s(T ', 8) = —Fp TLe e e

1

nz,sol(ﬁj_’ 7’)

1

AL, P+ 17— AL

=y ((Eil(_Qeg(jTZ/' + nz,sol(ﬁL, ﬁ/)) + 2971/ (772/ - nz,sol(ﬁla ﬁ/)))Dﬁg

(= Q] +710) + 220 (7] = 1)) - Deg 1) + (—1)2iQge" Dy j(i | = 1)) (BIY)
and
~ = =/ 2 =3 3 =22 1
(7, =) =F /dzn — (5ol (L, 7T ") —T020)° ,—ift L Po, L ,— 71
Gscatr,s (T, —8) = Fp Le e ¢ IELA T 7 =7
. Q, _ : o , -
X i (& (Degy — i(— 1) Dog )] — oot (L, 7))
Tesol (7L, T)
+ Doy () — y) — i(—= 1) () — 7)), (B19)
where
epoc|Dl (@) 2h\"
Fp = 2rh, B20
7T @rhy ( Ap: ) (20
and Q,, = 2’22“1”;7 and Eeg = ﬁeg / |13|. The probability is obtained as
Peas) = T3 Y [ @7 a8, P (B21)
where
_ 2Ap Q2Ap)'? D D
7o 28piCAP)?  emocDl _ emoelDl B22)
Qrh)3?  Qa)YA(hAp )2 hAr TV/2(2m)%*
The numerical results can be found in Fig. 6.
[
APPENDIX C: ELECTRON BEAM OF A KLYSTRON where [ is the unmodulated stationary current and
In the following, we will give some details on the current- vy = loon; /v(z) (c4)

modulated electron beam in a klystron based on the article
[54] by Webster. The electron beam modulation of a klystron
is achieved by modulating the kinetic energy or, effectively,
the velocity of electrons in the buncher. This can be done, for
example, with a MW field in a resonator (the buncher cavity)
that leads to an electric field in the beam propagation direction
[55]. Under the assumption of monochromatic oscillations of
the kinetic energy modulation in the buncher and approximat-
ing the buncher as infinitesimally short, for the velocity of an
electron passing the buncher at time #;, we can approximate

v = vy + vp sin(wpty ). (C1)
When the amplitude of the kinetic energy modulation 8 Ey;,
is small in comparison to the average kinetic energy, we have
V1 ~ 8Exin/(y3me.vo). The arrival time of the electron at the
target (e.g., an atom) is

l - [ lvy . (@ot1)
_—  x — — —sin(woty),
vo + vy sin(wopty) : Vo vg ot
(C2)

where [ is the distance to the buncher. Charge conservation
can be written as I(t, z1)dt; = I(t2, z2)dt, and leads to

Hh=t+

I Iy

I = = s
2 1 — rpcos(woty) 1 — rpcos(woty)

(C3)

is the bunching parameter.
Writing the distance to the buncher as a coordinate / = 7z —
20, where z is the position of the buncher, we obtain

Iy
I(z,t) = , C5
& = T @eosb G D) ©
where 0(¢) is the solution of the equation
. (z—20)
0(z,t) — rp(z)sinB(z, t) = wo| t — ” . (C6)
0

It has been shown that the current in Eq. (C5) can be expressed
as a Fourier series with the coefficients [54]

I(z,1) = |:IO + ZlnwO(Z)COS (na)o(t (@ ;Ozo)))i|’

n=1
(o0))
where 1, (z) = 2IyJ,(n rp(z)) and J, are the Bessel functions
of the first kind. The Fourier coefficients as a function of the
bunching parameter are plotted in Fig. 7. The beam current as
a function of the distance from the buncher cavity is plotted in
Fig. 8.
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FIG. 6. The transition probability for an electric dipole transition
for an electric dipole moment oriented in the x direction (green),
y direction (blue), and z direction (orange). The dots are generated
from the full QED result, neglecting the spin terms [i.e., Eq. (B18)
without the last term]. The solid lines are generated from the semi-
classical result in Eq. (B6). The plots were obtained for Ar; = 5nm,
r10=70nm, Azo = 100 nm, |23cg| = 2.27eay (corresponding to the
electric dipole moment of the 34, to 3E transition (zero phonon line
or ZPL) of a NV~ center at 1.945eV [53]) and an initial kinetic
energy of the electron of 2 keV. For 7y, , we considered (0, ry ), that
is, the quantum system and the center of the electron wave packet lie
in the y-z plane. We find that the two results agree up to the plateau
beyond PHz frequencies, which is due to the numerical noise floor
of our algorithm. We note the strong suppression of the scattering
probability for angular frequencies above 10" rad/s.

1. The effect of the electron velocity distribution

The finite width of the electron velocity distribution affects
the beam modulation because the bunching of the beam de-
pends on the initial velocity. We consider a kinetic energy
distribution with a width AEy;, of about 1 eV. Approximately,
we have AEy, = y3mv0Av0. This leads to a distribution
in the bunching parameter Ar, = 2lwyv; AEyin/ (y3mv3 ) and
Ary/rp = 2AExin/(y>mv}). This ratio decreases for increas-
ing kinetic energies. For Ey;, = 18keV, we have vy/c ~ 1/4
and we can find Ary/r, = AExin/Exin ~ 10~*. We find a mi-
nor correction to the bunching parameters which implies a
minor correction to the amplitudes of the Fourier components
corresponding to the distinct lines in the modulation spectrum.

1.0 ;
— n=1 n=2
0.81 |
n=3 --- n=4
“~ 0.6} 1
5 /'/
N "
~ [ s ]
= 04 o
0.2} e ]
0.0 mmmmiiorranimr =T
0.0 0.2 0.4 0.6 0.8 1.0
T

It is also important to note that this effect will not broaden
the spectral linewidth of the modulated near field affecting the
quantum system.

APPENDIX D: SINGLE PARTICLE BEAM SIMULATION

To analyze systematic effects due to shot noise, we model
the electron beam as a collection of single electrons generated
in a homogeneous Poisson process. Electrons are generated
after waiting times that are exponentially distributed [56],
with the mean given by the inverse of the rate o of electron
creation at the cathode. We simulate the beam of a Klystron by
modulating the kinetic energy of the particles and propagating
them over a drift distance / to obtain the current modulation.
The modulation of the kinetic energy is sinusoidal: Eyi,(¢) =
Exin,0 + 0Exin sin(awot ).

We wrote a numerical algorithm using Python that gen-
erates a set of electron positions representing the beam. For
an electron moving at 7, = (x,y) parallel to the z axis and
arriving at z = 0 at time #;, the only nonvanishing component
of the magnetic field strength at the origin becomes (take Eq.
11.152 from [43] and shift and rotate)

y
- Hoeyv 1
B;(0,1) = —X , (D)
J A 0 (rJz_ + )/sz(t — tj)2)3/2

where y = (1 — vz/cz)’l/2 is the Lorentz factor and r;, =

|71 |. These contributions to the total magnetic field strength
are summed for all electron positions. We simulated the beam
over a length of L ~ 100d centered at z =0 to limit the
numerical effort. This approximation is well justified as elec-
trons in the beam significantly affect the quantum system only
in an interaction region on the length scale of several d/y
centered at z = 0. For larger z, the effect on the quantum
system decays as |z| 3. The electrons have an initial kinetic
energy of 18 keV.

The initial transversal position of electrons is modeled as
a normal distribution, where the variance o = w/2 is given
by the waist radius w of the beam. To restrict the beam to a
finite radius Ar, ¢ and to avoid numerical singularities, the
transversal distribution is generated from a uniform distribu-

“YYYYUYUYY

0 2 4 6 8 10

wo(t — 1/vg)/(2m)

FIG. 7. Left plot: Fourier coefficients of the modulated current for frequencies nwy as a function of the bunching parameter r,. Right plot:

Time-dependent current for different bunching parameters.
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FIG. 8. Spatial change of the electron beam modulation for
v1/vy = 1/40 att = 0 plotted as a function of the distance from the
buncher cavity in units of the modulation wavelength 1y = 2w vy/wy.
The spatial range plotted corresponds to the interval r, = 0 to r, =
0.5.

tion by mapping values of y between 0 and 1 with the function
ri(y) = 2’1/2W\/1n((1 —y(1 - exp(—2Ari0/w2))*1) to a
radius and generating the azimuthal distribution with another
uniform distribution.

Furthermore, we note that the magnetic field of each elec-
tron effectively acts on a length scale |v(t —1;)| ~ rL/y as
can be seen from Eq. (D1). Therefore, the beam divergence,
specified by the divergence angle 6, can be neglected if the

above condition is fulfilled for almost all electrons in the beam
if & « y /5. For a strongly focused Gaussian electron beam, 6
is given by the wave properties of electrons as 6 = Agqg /(T W),
where the de Broglie wavelength is Aqg = 270/i/(ym,.v). We
obtain a condition for the waist w > 107/(m,y?v). The right-
hand side decreases monotonously with increasing v and,
therefore, with increasing kinetic energy. For a velocity ¢/4
(corresponding to 18keV), the right-hand side becomes ap-
proximately 40%/(m,c) ~ 10~ m, and the condition on w
will be always fulfilled in the context of our proposal. For
a wide beam with a given transversal kinetic energy spread
of about AEy;, or less, we obtain the corresponding transver-
sal velocity spread of Av & /2AE,/m, and the divergence
angle 6 = Av/v. For v =c¢/4 and AEy, ~ 1eV, we find
6 ~ 1072 « 1/5 which falls within standard parameters for
electron microscopes [5,8], and the above condition is ful-
filled. The results are shown in Fig. 9. To generate the data
for the plots, the simulation was run for 10° periods of the
modulation.

APPENDIX E: THE SINGLE ELECTRON FOURIER
TRANSFORM AND THE MAGNETIC FIELD SPECTRUM

The Fourier transform of the magnetic field due to the
electron beam can also be calculated directly from the Fourier
transform of a single electron’s magnetic field. The minimal
distance (impact parameter) between the electrons and the
originis r; := (x> +y*)"/2. At time ¢ and position 7 = 0, the
magnetic field caused by an electron moving with velocity v;
and arriving at z = 0 at time ¢; is

eloy;v; rL

change of beam width is on the length scale of the interaction B?(? =0,1) = 75 (E1)
region 0r, /y <« w. Later, we will consider d = 5w, and the 4 (r? + yivi(t — 1)?)
0.4F
10 10
0.3[ o _ 3
— > 1 =
= & a 1
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0.1r 0.05
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0.0k . . . ‘ . . ‘ . ‘ . . . 0.01 . ‘ . ‘ )
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time [ns] [GHz] v [MHz]
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" 100t @ 100} Elj 100}
= E oo 3
s 10t
50F g 1¢ g
0.10f 1l
0 L L N | | | 0.01% L L L L L L L L L
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FIG. 9. Numerical simulation of the magnetic field strength B* due to an electron beam at a distance d = Sw = 250 um to its center, where
w = 50 um is the beam waist radius (left plots), and the corresponding DFT (middle and right plots) for a beam with 200 nA (upper plots)
and 100 nA (lower plots). The beam current is modulated with a base frequency of v = w/27 = 254 MHz by varying the electron velocity
(as, e.g., in a Klystron). The higher harmonics can be seen in the middle plot. The bunching parameter r, is approximately 0.5 (! = 1m and
8Exin/Exin = 1/20), which implies that the Fourier component corresponding to the modulation at base frequency has an amplitude of 50% of

the average current.
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The temporal Fourier transform of the magnetic field of a
single electron is

ARG =0,t)]

_ €YV ry

47 27T / Q 4 yjzv]z'(tj _ [)2)3/2

— elow EK] <rJ_ @ )eiwtj'
dmyjviV Yivj

dt elwt

(E2)

We note that the Fourier transform of the single electron de-
cays exponentially for 7 w/(y;v;) > 1 due to the properties
of the Bessel function. For angular frequencies @ such that
riw/yjv; < 1, we can approximate K;(x) as 1/x and find

o 1 eiwt/
2w ry 2w

This means that the magnetic field of a single electron ap-
pears like a delta peak when seen on timescales much larger
than r, /(y;v;). In particular, we can conclude that the mag-
netic field is directly proportional to the current for these
timescales.

The single electron Fourier transform can be used to ob-
tain the discrete Fourier transform of the total magnetic field
directly from our numerical model above. A plot is given in
Fig. 10.

To derive the expectation value of the Fourier transform of
the magnetic field due to the total beam, we use the probability
for an electron to pass the z = 0 plane at t =1¢;, given as
P(t). We assume that the beam has a duration 7 and that
‘P(t) is normalized on the interval [—7 /2, T /2] and vanishes
outside of it. Furthermore, we assume that the probability has
a Fourier spectrum with distinct lines evenly spaced by wy.
We restrict our considerations to a one-dimensional model for
the beam and set r; = d. We write the Fourier decomposition
as

F[BjF=0,0)]~

(E3)

P1) = — (a0+ Z a eznwm)@[;’;](t), (E4)

n=—0o0
where ®[ 11 is the characteristic function for the inter-
val [—5 —] which takes the value one in the interval and

J

=" e

E[FR[B'(F=0,0]]=

N=1
eo N T/2
= —— dtP(t)
2 27 Jorp2

N )2
/ dt
=DV rp

N
o

=
U

=
o

0.5

FT(B,) [arbitrary units]

o
o

-2 -1 0 1 2
(w — wo)/(2m) [Hz]

FIG. 10. Spectrum (temporal Fourier transform) of the magnetic
field strength B” due to a current modulated electron beam with 20 fA
current and uniformly distributed electron positions in the longitu-
dinal direction (z direction) for 10° periods of the base frequency
254 MHz (corresponding to a total number of electrons ~500 000).
The average distance from the beamline is 5w, where w = 1 nm is
the beam waist. The electrons have a kinetic energy of 18 keV.

vanishes outside of it. In particular, P(¢) is periodic with a
base frequency of wg/2m. Using the Poissonian distribution
of the electron number in the interval py = NVe=" /N, where
N = E[N] is the expected value [57], we find

E[F[B'(F = 0,0]]

_ euo Nzlx_/n(dtjp(@))
X Z—K <d—> ot

Vi Vk Yk Vk

(E5)

where the integrals are taken over the whole sum at the end of
the equation. For small bunching parameters r;, < 1, electrons
do not overtake each other and there is a one to one correspon-
dence of the arrival time of an electron and its velocity, which
implies vy = v(#;) and yx = y(#). The temporally periodic
modulation of the electron velocity means that v(#;) and y (#;)
must be periodic as well. The period is given by the base
frequency wg /2. We find

w w .
K d 1wt
PO oe® ‘( y(t)v(t))e

(E6)

w w :
K] <d )e""’.
y (v(t) y(®v(t)

Due to the Bessel function K; decaying exponentially for arguments larger than one and y(¢) and v(¢) only varying slightly in
time, the spectrum of the beam will not contain frequencies much larger than yyv/d, where vy and yy are the average quantities.
The integral in Eq. (E6) is the Fourier transform of a 27 /wy-periodic function which implies that E[F;[B”(7 = 0, t)]] consists
of distinct Fourier-limited spikes at multiples of wg. More precisely, there exist coefficients b, such that

ELF[B' =0, 0)]] = 2L

(E7)

(2m)?

<b sinT/2)

w + nwy
n=—0o0

i , sin(@+ nwo)T/2)>

023247-20



CONTROLLING QUANTUM SYSTEMS WITH MODULATED ... PHYSICAL REVIEW RESEARCH 3, 023247 (2021)

where Iy = eN/T is the average current. For T — 0o, we have

E[F[BF=0,1]] = 102“0 (boa(w)+ > by 8(w+nw0)> (E8)

n=—00

The coefficients can, in principle, be directly calculated from Eq. (ES). If d w/(yyv9) < 1, we can approximate the Bessel
function and find

E[RB(F=0,0]]=

wolp 1 sin(wT /2) > sin ((w + nwy)T /2)
2nd 27 (ao 1) + Z Gn o + nwo >’ E9)

n=—0o
which is proportional to the spectrum of the probability function P(¢) that is given by the beam bunching. The average magnetic
field becomes

!
E[B'(F =0,0)] = F'E[FRIBF =0,0]] = Mzo (;) (E10)

where I(t) = IyTP(t), which is the magnetic field of a slowly modulated one-dimensional current.

APPENDIX F: AUTOCOVARIANCE AND NOISE
In this section, we derive the covariance matrix of the magnetic field of a one-dimensional modulated beam

Cov(By (1), B,(t'")) = E[B,(t)B;(t)] — E[By(1)IE[B;(t")]

1
= 7 dw/dw’e_"‘” “T(ELF[By)(@)F*[By)()] — ELF;[By)(@)IE[F*[B,](e)])

= 211 do / d e ¢ Cov(F[B,1(@), Fi[B,1()), 1

which contains all of the information about the noise spectrum of the Gaussian random process B,. Again, we consider a beam of
N electrons with arrival times at the z = 0 plane that are randomly distributed over an interval 7" with the probability distribution
P(t). We find

NN roq ,
cmmrmson (2[5l (o)

kK

ooy 0@ ww’ w o
2 [Tl ren S en s l(dm) m)}-

Again, for bunching parameters r, < 1, we can write

Ho 2 2 /2 ’ N i(wt—a't") w o' 1 w o'
E[F[Byl(@)F*[Byl(w o] = ( ) N/ dtP(t)/ dt P(t))e —K;|d— |Ki|d

2 ) -T/2 y(Ou@) y (') 2x 14% y'v

+N f " At Py 20 g (d @ >1< (d o ) (F3)
e .
12 27 (y @)\ v )\ y e

Subtracting the square of the expectation value of the spectrum, we obtain

Cov(F,[B FIBJ()) = (£ 2N mdP o O K(d s )K<dL> (F4)
VA B @), Al y](“’))_<§> /_m ) B O AR TO G A

This implies that the variance of the spectrum (for 7 > 1/wyp) is

el 2 _ T2 (,!)2 w ?
VarBy(w) = COV(By(a)), B_V(a))) = (E) N/T/z dt P([)W K] <dm) . (FS)
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In particular,

1
8,8, (0) = - (E [F/[B,](@))* + Varg (@))  (F6)

is the power spectral density. Our result shows that the average
spectrum is not changed by the fluctuation but that there is just
a noise floor that is homogeneous for frequencies w < yv/d
and falls off quickly for w > yv/d. For v < yv/d, we find

e 2]\7
VarBy(a)) = (ﬁ) E (F7)

Furthermore, from Eq. (F4), we obtain
Cov(F[Byl(w), Fi[Byl(@'))

Y T/2

N (oo

— (e _/ dt P()e =", (F8)
2rd ) 2w J_7p

We can calculate the temporal auto covariance with the two-
point Fourier transform of Eq. (F4), with which we find
e S ®) t

COV(B),([),B),(Z‘/)) = (ﬁ) 78@ _t/)®[_;’é]<F>'

(F9)

We find that we are dealing with delta-correlated noise. Intro-
ducing a frequency cutoff such that §(t — ') — Af, we find

o

2
Var(By (1)) = (ﬁ) el(t)AF. (F10)

This implies Var(By(t))/E[By(t)]2 = eAf/I(t), which is the
signature of shot noise. Equating 1/A f with the timescale of
the interaction of electrons and quantum system d /y v, we find
that the noise-to-signal ratio Varp (¢)/E[B,(t )? is small if

yve

I(t)d
The condition in Eq. (F11) must be fulfilled to obtain a con-
tinuous driving signal with small noise. The factor d/yv can
be identified as the inverse autocorrelation time 7, as it is the
inverse of the frequency scale on which the autocovariance
in Eq. (F4) decays. Thus, the condition in Eq. (F11) simpli-
fies to Inint./e > 1, where I, is the minimal value of the
modulated current. This implies that a continuous signal with
small noise is ensured if there are many electrons passing the
quantum system per autocorrelation time. Assuming a kinetic
energy of 18 keV and a minimal current of /i, = 20 nA, we
obtain a required distance of the quantum system to the center
of the beamline of d >> 600 nm. Note that this condition is
not a general limit of the mechanism we propose but only of
the applicability of the approximation of a continuous driving
signal with small noise. If the condition is not fulfilled, then a
different model must to be chosen. In the case of quantum
systems being driven by the magnetic field of single well-
separated electrons, we simulate the time evolution of the state
of the quantum system for each electron separately; details can
be found below in Appendix M.

< 1. (F11)

APPENDIX G: THE AVERAGED MAGNETIC FIELD SEEN
BY THE QUANTUM SYSTEM

In the following Appendix, we assume that the distance of
the quantum system to the center of beam d is much smaller

than the wavelength of the beam modulation 1y = 27 v/wy
and that the waist w of the beam is much smaller than d. Based
on the magnetic field due to a single electron in Eq. (D1),
the magnetic field induced by an infinitesimal segment of a
one-dimensional beam can be written as

. I(z,0)d7 | Y 1
E[dB;(0,1)] = 2 (@ ndz | - 5 (G
4 o |1 +y2?)Y
Then, for the whole beam, we write
E[B;(0,1)] = /E[dé,-(o,m
% Iz,0)| Y 1
Z/dz‘“)(zz) x| (G2)
oo Amy o |1/ +22)

The integrand is localized to a region of length r, /y. If I(z, t)
does not change significantly on this length scale, we can
approximate

= * I(z,t)| Y |2y?
E[B,~<o,t)]—>f az BLED ] 212 50
oo drry o | "L
100,1)| Y
- M x| (G3)
27TrJ_ O

For the current of the specific case of the Klystron beam, we
have the Fourier decomposition

I(z,t) = |:10 + Zlnwo(z) cos (na)()(t _ (z ;OZ())>):|’

n=1

(G4)
where 1, (z) = 2lpJ,(nrp(z)) was defined above. Restrict-
ing our considerations to the Fourier component at the base
frequency wg/2m, from the condition that /(z,¢) does not
change significantly on the length scale r, /y, we obtain the

conditions r; K YAy = 2wy vo/wp and
Ly < Sirnp@) Ji(rp(2)) _
I (r@)/dz ~ J{(r(@)dry(2)/dz
For the bunching parameter r,(z) <1, we have
Ji(rp) /Jl’(rb) ~ 1, and the second condition becomes

rp L yl.

Therefore, we consider a nondivergent beam with a Gaus-
sian profile j, (7, t) = 221(t) exp(=2|FL — 71 o|>/W?)/(TW?).
Je(7) is normalized such that I(¢) is the average current ob-
tained by integrating the charge density over the x-y plane,
and 7| o is the position of the beam’s center, i.e., |FL o| = d.
The parameter w is the waist radius of the beam such that the
beam has a 1/ e*-diameter of 2w. Under the conditions above,
we obtain

(G5)

1(7) y |

- Mol (¢ e

EBO)] = —=— | d°ri| —x - (G6)
W 0 rL

Equation (G6) gives the general result for distances to the
beam d « A. If additionally d > 2w holds, one can easily
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verify that the magnetic field strength of a Gaussian beam can
be well approximated by that of an infinitely thin beam:

pol()| ~

E[B(1)] = —x
2md? 0

(G7)

A plot demonstrating this is shown in Fig. 11.

APPENDIX H: THE OPTICAL BLOCH EQUATIONS

To derive the description of the quantum system, we start
from the interaction Hamiltonian in the Coulomb gauge

Hy = —Ji- B, (H1)

where B(1) = (By(t). By(1). B.(t)) and ji = jir + is + [ir
where i, = —upgLL/h, jis = —pupgsS/h and i =
ungl/h. up=en/(2m,) 1is the Bohr magneton,
gL=1—m,/m,~1 is the orbital gyromagnetic ratio,
gs A~ 2 is the spin gyromagnetic ratio, uy = eli/(2m,) is the
nuclear magneton, and g; is the total nuclear gyromagnetic
ratio.

The quantum system is considered as a two-level sys-
tem with the free Hamiltonian Hy = fiwgo,/2. For the time
evolution of the density matrix p, we consider the Lindblad

J

liwy — il 0
d 0 —hwy — ih
ih— — "
dt _Tge Tge
Tge —Tg’;

140[
120}
100
80
60}
40}
20

B, nT]

0.0 0.5 1.0 1.5 2.0 2.5 3.0
z [w]

FIG. 11. The time-averaged magnetic field strength due to an

electron beam with an averaged current of 20 A as a function of

the distance x in units of the waist w from the beam’s center (y = 0)
for a Gaussian (blue) and an infinitely thin (orange) electron beam.

equation

1 . N " ) IUN
d,p = —[Ho + Hini, 01 + r(LpLT —=L'Lp -

8]
N =

pﬁi) ,
(H2)

with the Lindblad operator L = |g)(e| representing the spon-
taneous emission into the radiation field corresponding to the
natural linewidth of the transition. We obtain

_ng: ng: Peg

T —Te Pge | _

—ihl’ 0 Pee =0, (H3)
il 0 Pgg

where Ty, = (g|Hiy|e) is the time-dependent transition moment from the excited to the ground state. With the transformation

~ P _
Peg = Peg'™" s Pge = Pge€™ "

—ih% 0
g 0 —ih%
1 E - _Tgeefiwnf Tgteiwot
—iwot _ ik oot
Tyee Tgee

o, Pee = Pee, and ﬁgg = Pgg, WE find

_Tgt eiiwott Tgt eiw(.)t l ,(N)eg
Tpe " —Tpe™ p
ge 8e ge | —
il 0 e | = 0. (H4)
ihT 0 Peg

This equation corresponds to the case that the coherence time is given as T, = 2T} = 2/I", which can be seen by the term I"/2
appearing in the components of the matrix operator governing the decay of the off-diagonal elements of the density matrix. The
generalization to general 7> becomes (see Sec. 4 of Ref. [58] and set y, =T, ¥, =0, and ypp = I'; — I'1 /2 and taking into
account that the upper level decays into the lower level leading to Eq. (4.31))

—ihT, 0 —Tge' ™ Tpe'™ Deg
d 0 —ilily  Tye ™ —T,e i@t P
ih— — i i 5. 5 5 =0, H5
dr T | Tee e Tget i 0 Pec >
Tee™ ™ —Txe' Al 0 Peg

where I'; = 1/7; and j € {1, 2}. With B;(¢) = > Binw, cos(nwpt + ¢ar), we can consider on-resonance driving and use the
rotating wave approximation to find

-T, 0 —iQ/2  iQ)2 Deg

d 0 -T, Q2 —iQ Pee |

dr | -2 Q)2 -I 0 Pee =0 (HO)
Q2 —iQ)2 T 0 Deg
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where we define the Rabi frequency as
Q = —(elilg) - Bun/h, (H7)

where B, = (By,wgs By,wys Bzwp)-

The finite spectral linewidth of the electromagnetic near field created by the electron beam will influence the evolution of
the quantum system. For the interaction of atoms with laser light, this has been investigated in Refs. [59—63]. For the case
of a modulated current with small fluctuations relative to the mean (e.g., shot noise, modulation phase noise), the result can
immediately be applied due to the equivalence of the interaction Hamiltonian. With the resonance condition, the rotating wave
approximation leads to the modified optical Bloch equations

—Ty—b 0 —iQ/2 Q)2 pegl

I 0 To—b Q2 —iQ)2|]|]|~
0= dr | —iQ/2 i/2 T 0 0, (H8)

Q2 —iQ/2 T 0 -0

pgg

for ﬁfj (t) := (pij(t) exp(ik(t)))pn, Which are the components of the quantum system’s density matrix averaged over the phase
noise ¢(t), representing the finite spectral linewidth. The decoherence rate b in Eq. (H8) is related to the full width at half
maximum (FWHM) linewidth dw of the modulation as b = dw/2 as we will show in the following.

1. FWHM linewidth and coherence length

In Ref. [59], the inverse coherence length b is defined via (exp(i¢(z)) exp(—ip(¢))) = exp(—b|t — t'|). The magnetic field is
given by its Fourier transform as

dow ot H
B(t)= | — e B(w). (H9)
2
Therefore, the cross correlation becomes

o0 e dow . . do ., I dw . )
E[B*(t)B(t + 7)] =f dtB*(t)B(t+r)=/ dt /—e lw’B(w)*/—e'w<’+T>B(w)=f—e’wf|B(w)| . (H10)
o oo 2 2 2

If a Lorentzian line shape is given, and

N ) (bw/2)?
|B(w)]” , (H11)
(wy — w)* + (bw/2)?
where Sw is the FHWM linewidth in rad/s, we find
E[B*(t)B(t + 1)] oc e~ 2Tl (H12)

This implies that the inverse coherence length is b = dw/2.

APPENDIX I: TRANSITION MATRIX ELEMENTS FOR “'K

For potassium-41, we have gs ~ 2 and g; & —0.000078. Therefore, we will only consider the coupling of the external
magnetic field to the electron spin in the following Appendix. For a hyperfine transition, we can simplify 7, as

Ty = usgstelS|g) - B/h. an
For the case that the magnetic field has only one nonzero component, e.g., the B, component, we can write
Tye = ppgs(elSylg)By/h. a2
Using the y direction as the quantization direction and taking into account that, for the F' = 2 hyperfine state and mr = 0 Zeeman
sublevel,
Fe2 _0>_\F311 AWVAIEENA R ©)
I ) Y (P Ay R 1 PR Y (P A Y o
and forthe F = 1 and mp = 0,
13 1\|[1 1 113 1\[1 1
|F=1?mF=O>= = _’_ _7__ - ~ _’ . _’_ b (14)
212 2/12° 2 2120 2/|12°2
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we obtain
:u'BBy
T = S22 (F = 2.mp = OlgiLy + g5S,IF = 1,mp = 0)
B 113 1\|1 1 113 I\[1 1 B,
= I8 p = 2 mp = 015, \ﬁ—,— B —\ﬁ—,—— S5 )) = -EE as)
h 212 2/12 2 212 2/12 2 2
and T/l = —e™ ' ggpupB,/(2h) ~ —e~ " eB, /(2m,), where e is the unit charge and m, is the electron mass. For the Rabi

frequency, we thus find

~ gSlLBBy -~ eBy

Q .
2h 2m,

16)
For the case of d > 2w, the magnetic field can be approximated as that of an infinitely thin beam, and with Egs. (C7), (G7), and
(A3), we obtain

L,

Q~ \Poyg—, an
e

where \/Poo,q =1./d and 1, = woe®/(4wm,) is the classical electron radius.

APPENDIX J: TRANSITION MATRIX ELEMENTS FOR NV~ CENTERS

The transition between the A, ground-state magnetic sublevels m; = 0 and m; = =1 is a mutual polarization of two half-
filled molecular orbitals. However, the spin triplet my; = 0 and m; = %1 can be described as an effective single spin-1 system
with the coupling to an external magnetic field [25,64]:

Hin = gsisS - B/h. an

We consider the x direction as the quantization direction. The spin operator § = (S, Sy, S) acts on the fine-structure sublevels
such that S|m,) = fimg|ms), and for Sy = S, £ iS; we have

Sy|mg) = /2 — mg(mg £ 1)|ms £ 1). J2)

We consider the magnetic field oriented in the y direction. Then,

(£1((S, + S_)[0y = S5k8By J3)

V2

— gSMBBy

Tee 2h

and Ty, = e ggupB, /2.

APPENDIX K: THE OPTICAL BLOCH EQUATIONS WITH SHOT NOISE

We start with the optical Bloch equations before the rotating frame transformation and neglecting damping:

Peg wo 0 —Tg /R Tee/R Peg
i Pge | _ —i 0 —wo Yde/h _Tge/h Pge (K1)
dt Pee _Tge/h Tge/h 0 0 Pee :

Pgg T/ —Ty/h 0 0 Peg

For the sake of simplicity, we assume real transition matrix elements, that is, T, /fi = ng /h (phases can be absorbed into the
components of the density matrix). We restrict our considerations to the case of d > 2w such that the magnetic field affecting
the quantum system can be approximated as that of a one-dimensional beam as given in Eq. (G7) and we assume y = 0 and
x = —d. Furthermore, we consider the situation where d/y v is much smaller than all timescales under consideration, such that
we can approximate the average field as Eq. (E10) and its covariance as Eq. (F10). Here, we only consider the example of the
potassium atoms as this corresponds to small fluctuations around the mean. Then, from Eq. (I5), we have T, /h = —eB,/(2m,)
and E[Ty]/h = —epol (1)/(Awmery) = —rel(t)/(ery).
We can write Eq. (K1) as

u=Bo+aBi(, §))u, (K2)
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where u = (Peg()s Pge(t), Pec(t), Pgg(t)) and

B() = ia)()

0 0
0 0
0 0 (K3)
0 O

-1 0
0 1
0 0
0 0

« is a parameter estimating the magnitude of fluctuations, which in our case implies

a ~ Tge(lv 5)/E—E[ng(t,§)]/h (K4)
With Eq. (F10) and the frequency scale Af ~ yv/d, this equation implies

62/1“0 Imaxﬂ
drm,dN e d°

o ~

(K5)

¢ Var(B ~
2me\/maxt[ ar(By (1, §))]

In the following, we will derive an ordinary linear differential equation for the expectation value of the vector of components of
the density matrix u given in Ref. [65]. To this end, we must assume that a7, < 1, where 7. is the autocorrelation time of the
magnetic field. If this condition is fulfilled, then the ensemble average of u fulfills the integro-differential equation (see Sec. 12
of Ref. [65])

d

EE[M(I)] = (Ko + oK (1) + &’ K (1) E[u(t)], (K6)
where Ky = By,
B _ E[Ty]
K (@) =E[Bi(,§)] =i 3 M, (K7)
o
Ky(r) = / dr’ (Bi(t, &)Y (t|t)Bi (2", £)))Y(t'|1), (K8®)
0

where we consider times much larger than the correlation time t,. and the matrix Y (¢, ) is the time-evolution operator for the
differential equation

d
EE[u(f)] = (Ko + oK (1)E[u(t)] = (Bo + «E[B; (7, §)DE[u(1)]. (K9)

({...)) denotes the cumulant, and therefore
((Bi(t, £)Y(t[t)B1(t', £))) = E[B1(t, )Y (t[t")B1 (', £)] — E[B1(t, £)IY (|t E[By(t', )]
1
= —W(E[Tge(t)Tge(t')] — E[Te )IE[To(tYDM - Y(¢[t') - M
1

=~ o COVTie). Toe@ DMLY (1) - M, (K10)

On the timescale of wy, the driving T, can be assumed to be delta correlated. In particular, for 1/wg > 7., we can set
Cov(Tye (1), Tee(t')) = RPal (t)I, '8(t — t') based on Eq. (F9), where a = (¢20)*lo/((4wm,d)?e) = Ply/e for the case of potas-
sium atoms. As Y(¢|t) = I, we obtain

, al(t) ,
(B, &)Y (t|t)B (1, £))) = — 21 S¢—-1)M-M (K11)
0
and
-1 0 0
e o a®[-1 1 0 0
0 -1 1
Finally,
iy — O al(t) ; .
Peg lwgz(r) b b e 11.5[7;36]/}5 .lE[T%e]/h Peg
d | P D iwg — G —iE[Te /R E[Tel/h | | o
—E = / , ; ! al(t) al(t) E (K13)
dt Pee lE[Tge]/h —lE[Tge]/Fl - - Pee
Pgg —1E[Tg1/h IE[Te1/h % —%’) Pgg
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Taking into account that /(r) has a spectrum with distinct lines and a large spacing between spectral lines wy, the transformation
to the rotating frame, the rotating wave approximation (RWA), and averaging the damping lead to

Ibeg —a aIZwo/(ZIO)
- Z)ge _ aIZwo/(ZIO) —a
dt | Pee | | —iS2/2 Q)2
Dee Q)2 —iQ/2
—PI, Phy,,/2
_ 1| Phy/2 —PI,
e| —ivPlL,,/2  iNPl,/2
ivPl,,/2  —iNPl,/2

where the Rabi frequency Q2 =r.l,,/(ed) as defined in
Eq. (I6), and 1,,,, = 21yJ,,(nrp(z)) is the Fourier coefficient of
the modulation at the base frequency [see Eq. (C7)].

We find that shot noise leads to additional decoherence
terms and an additional damping term proportional to a in the
optical Bloch equations. If we want to ignore this damping,
then we have to fulfill the condition

) Te 2210 <O Te Iy, (K15)
a = —_ _— = -,
d e d e
which leads to the general condition
2r.I
4> (K16)
1y,

Since r, ~ 10715 m, the above condition is always fulfilled in
the context of this paper.

For the method we used above to be applicable, we had to
assume that ot, < 1, where we identified 7. ~ d/(yv). We

obtain
AT ~ )‘-eaFS Imax
o 2 \edyv’

from which we find the condition for the distance:

IS ()»eOlFs )2
2

For a kinetic energy of 18keV and an average current of
Io =100 nA, we find the right-hand side of this condition
to be on the order of 10722 m. Therefore, this condition can
be fulfilled for the situation that we consider. Since a larger
current leads to a reduced noise-to-signal ratio of the magnetic
field, it seems counterintuitive that the minimal distance be-
tween beam line and quantum system grows with the current.
However, the above condition only applies to the method
presented in Ref. [65].

(K17)

Imax

eyv’

(K18)

APPENDIX L: DRIVING GROUND-STATE HYPERFINE
TRANSITIONS IN ALKALI ATOMS

We assume that the atom is in the hyperfine ground state
F =1, mp=0 and is not spatially moving on the timescale
of the proposed experiment. Figure 12 plots the simulated
hyperfine state response while applying an intensity modu-
lated electron beam with a waist radius of w = 50 um and
a current of / = 100 nA at a distance of d = 5w = 250 um
(beam center to atom), which is modulated on resonance with
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the hyperfine frequency and bunching parameter r, = 0.5 and
8Eyin/Exin = 1/20 corresponding to [ ~ 1 m. At a kinetic en-
ergy of 18 keV, a frequency of 254 MHz corresponds to X
of about 30 cm. We find that the wave packet is much smaller
than A¢ in the interaction region if the initial size of the wave
packet is much larger than il /(2m,vAg) ~ 10~ "2 m.

We evaluate the time evolution of the atomic state based
on the modified optical Bloch Eq. (H8) in MATHEMATICA
using NDSolve. Furthermore, the condition d < A that we
introduced above is fulfilled and we can use Eq. (G6) for
the description of the expected field strength. Several Rabi
oscillations of the hyperfine states are clearly visible in the
plot. The source of the decay of coherence is technical noise
in the electron beam source, which we assumed to lead to a
spectral linewidth of the beam modulation of about 25 Hz. We
set b = §w/2 = m x 25Hz. Furthermore, for the transition
under consideration, we have I'j = 2I"; « b and we neglect
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FIG. 12. The blue curve shows the time evolution of the inver-
sion p., — pge. The center of the Gaussian electron beam of waist
radius w = 50 pum is at a distance of Sw from the atom. We consider
an average current /[ = 100 uA and bunching parameter r, = 0.5
corresponding to a resonant current modulation at the base fre-
quency wg/27 of amplitude 21yJ; () ~ 50 wA. The resulting Rabi
frequency is © ~ 2w x 540 Hz. The decay of coherence is due to
the assumed FWHM linewidth of the electron beam modulation of
25 Hz. We calculated (orange line) the ratio of atoms 7., whose
state is altered by incoherent scattering of single electrons assuming
a remaining current density of 0.1% of the peak value at the position
of the atoms as a conservative estimate. After 20 ms, less than 1%
of the atoms undergo an incoherent scattering interaction with the
electrons.
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' and I'; in the simulation. Systematic effects such as transi-
tion changes due to inelastic single electron atom interactions,
which could also change the electronic state of the atoms, hap-
pen on a much longer timescale (see Fig. 12, orange line). The
total scattering cross section (causing ionization, elastic, and
inelastic scattering) for potassium atoms exposed to an 18 keV
electron beam is o; & 1.50 x 10~7cm?, extrapolated from
Ref. [50].

We now estimate the Doppler shift experienced by atoms
in a normal cold atom experiment. If the velocity of the
atoms Av, is small compared to the speed of the electron
beam modulation v, the observed frequency shift of a moving
atom compared to a nonmoving atom can be approximated by
Af = Av,fo/v.. Potassium atoms at a temperature of 40 uK
move with a most probable velocity of 0.12 m/s and will
experience an intensity modulated electron beam (velocity of
the electron v = ¢/4 ) of frequency 254 MHz in the lab frame
with a detuning of around 0.02 Hz, which is negligible.

APPENDIX M: NV CENTERS IN NANODIAMONDS

In the following, we will consider nitrogen vacancy (NV)
centers in nanodiamonds as an example. In this situation,
the magnetic near field consists of distinct spikes due to the
well-separated electrons. Therefore, using the expected value
for the magnetic field in the optical Bloch equations would not
be appropriate and we simulate the effect of the magnetic field
of each electron separately. In particular, we will focus on the
transition between the 3A, ground-state magnetic sublevels
my = 0 and m; = 1 of the NV~ charge state, which are split by
wo = 2.87 GHz [52]. The my; = —1 sublevel is well separated
from the m; = 1 sublevel by ~4 MHz [25] such that the tran-
sition from m; = 0 to my; = 1 can be individually addressed.
We consider the z direction as the quantization direction,
with the magnetic field oriented in the x direction. Then,
we find for the transition matrix elements Ty ; = gsupB,/ V2
(see Appendix J). This transition exhibits coherence times
T, from 600 us [66] up to 600 ms ([26] using a dynamical
decoupling pulse sequence), which is the main decay channel
for the Rabi oscillations of the NV~ center. We set 7; = 6 ms,
T, = 3 ms here following [26]. As the electron beam source,
we consider a standard scanning electron microscope gen-
erating a beam waist of w = 10nm, beam energy of 2keV,
a probe current of 50nA (corresponding to ~100 electrons
per modulation period), and a bunching parameter r;, = 0.5
(I ~30cm and §Eyin/Exin = 1/20) directed next to an NV~
center at a distance of d = 7w = 70 nm, for example, embed-
ded in a freestanding nanostructure [24]. We assume that the
beam is modulated by velocity modulation and bunching with
a spectral modulation linewidth of 10~ wy/(27) ~ 300 Hz.
Note that, for the above parameters, the wave packet is much
smaller than A in the interaction region if the initial size of the
wave packet is much larger than 2m,vAq/(fil) ~ 6 x 1072 m.

The result of a simulation of the expected level response is
given in Fig. 13. To reduce unwanted systematic effects due
to electron scattering on the diamond structure [51], we need
to ensure that the electron beam intensity at the position of
the NV center is reduced by a factor of 10~ compared to
its maximum. At this intensity, which is easily fulfilled for
a Gaussian beam at 5w, on average less than one electron
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FIG. 13. Time evolution of the inversion for the transition m, =
0 — my, =1 in the 3A,-state of a NV~ center at a distance of
d = 70nm from a beam of waist 10nm, current 50nA, kinetic
energy 2keV, and bunching parameter r, = 0.5 (/ = 30 mm, and
8Exin/Exin = 1/20). We set T} = 6 ms, T, = 3ms, and the FWHM
linewidth of the electron beam modulation /7 = 300 Hz.

scatters within a radius of 1 nm next to the NV center every
inverse Rabi frequency.

To produce the data for Fig. 13, electrons are generated
consecutively by a random process. We modulate the kinetic
energy of the particles and calculate the propagation over
the drift distance [/ to obtain the current modulation. The
modulation of kinetic energy is sinusoidal Ey;,(¢) = Ekin0 +
AEy, sin(wot + ¢(£,1)), where ¢(€,1) is a random process
incorporating the finite linewidth of the driving. In particular,
dp&,t)/dt = F(§,t), where E[F(§,t), F(§,1")] = 2b5(t —
t") which implies that for each temporal interval [a, b], we
have

Var(¢(§, a) — ¢(&, b)) = 2bla — b|.

Based on this variance and a vanishing average, the phase
noise was implemented as a random Gaussian process.

An interaction region of length 5d/(yv) was associated
with each electron. Then, the optical Bloch equations in the
rotating frame were solved consecutively for each interac-
tion of electrons with the NV~ center over the interaction
period using the Python ODE solver solve_ivp. For electrons
with overlapping interaction regions (a rare case for these
parameters), the optical Bloch equations were solved together.
Between the interaction regions, the analytical solution for the
free time evolution was applied. Finally, the results of 12 runs
were averaged to obtain an average over different realizations
of phase noise.

M)

Possible path to nanoscale resolution

Electric dipole transitions from the 34, ground state of
the NV~ center have a transition energy >1.945 eV. To en-
sure a coherent evolution of the quantum system, we want
to keep the probability for such transitions during the time
needed for one Rabi transition suppressed. At the same
time, we want to approach the NV center as closely as
possible to maximize the spatial resolution. One option to
approach both requirements is to decrease the kinetic energy
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FIG. 14. (a) Electron beam (red arrow) close to a 1D arrangement of NV~ centers (blue diamonds) which could be created from nm-
sized diamonds with single NV centers [70], e.g., deposited on a graphene sheet (black rectangle). (b) Rabi frequency per beam current
as a function of position along a the 1D arrangement of NV~ centers for a temporally modulated beam with bunching parameter r, = 0.5
(blue curve) and two beams whose distance to the 1D arrangement varies with the resonance frequency, transversely to the 1D arrangement
as (x,y) = (d[3 + 2 cos(wyt)], 0) (orange curve) and on a circle section as (x, y) = (d[1 + sin?(wot)/2], 2d sin(wyt)) (green). The minimal
distance to the arrangement is d = 15 nm. We assumed w = 5 nm and a kinetic energy of 200 eV. (c) Probability for the electron beam not to
excite the NV~ center at the electric dipole transition line of 1.945 eV during one Rabi flop for the three different beam configurations. The

effect was averaged over the Gaussian profile of the electron beam.

of the beam electrons while keeping the current constant (see
Appendix B for details). Assuming a kinetic energy of 200 eV
and a beam waist radius of w =5 nm (corresponding to
~6nm beam diameter FWHM) [67,68], a distance of d =
15 nm to the NV~ could be achievable. This value for the ki-
netic energy implies an average velocity of the beam electrons
of v ~ 8.4 x 10°m/s which is more than one order below
the speed of light in diamond at optical frequencies (n ~ 2.4
for the refractive index of diamond in the optical regime).
Due to the distance dependence of electron energy loss to the
diamond «xKy(2wr, /v) [10], we find that the energy trans-
fer to the diamond is strongly suppressed for all transition
frequencies near and above the fundamental absorption edge
of diamond (at ~5¢eV) for distances to the diamond surface
ry 2 5nm [69].

Due to the nonrelativistic velocity of the electrons and
the negligibly small imaginary part for the dielectric function
of diamond in the optical regime [69], we approximate the
relation between the external electric field and the effective
matter-assisted electric field in the diamond by using the re-
lation for the case of a static charge in front of a dielectric
[43] EM™ = 2E/(n?> 4+ 1) ~ E®/3 [71]. The probability for
an incoherent transition of the electric dipole moment will be
reduced accordingly by the factor [2/(n* + 1)]* in com-

parison to the probability for a transition with the same
electric dipole moment of a quantum system located in
vacuum.

We find that the probability to excite the energetically
lowest electric dipole transition at 1.945 eV during one Rabi
transition would be less than 2% for a position-modulated
beam [see Fig. 14(c)]. The transition probability decays ex-
ponentially with increasing transition energy in this regime
and higher energetic transitions would be even stronger sup-
pressed.

Then, the distance dependence of the Rabi frequency pro-
vides a pathway toward nanoscale spatial resolution as in
aloof EELS [35]. While a temporal modulation of the beam
leads to a decay as d~', a much stronger decay can be
achieved by employing oscillations of the beam position to
generate a driving signal. Then the oscillating near field of
a moving beam at the first harmonic and the second har-
monic (twice the modulation frequency) scale effectively as
d=? and d—3, respectively. At a distance of d = 15nm to
a one-dimensional array of NV~ centers [see Fig. 14(a)],
adjacent NV~ centers with a distance of ~30nm could be
resolved, in principle [the spatial dependence of the Rabi
frequency shows peaks of width ~40nm (FWHM)], see
Fig. 14(b).
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