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Do the prior history and the wave-packet size and form of a free electron have a physical effect in its interaction
with light? Here we answer these fundamental questions on the interpretation of the electron quantum wave
function by analyzing spontaneous and stimulated emissions of a quantum electron wave packet, interacting
with a general, quantized radiation field. For coherent radiation (Glauber state), we confirm that stimulated
emission and absorption of photons depends on the preinteraction-history-dependent size, exhibiting spectral
cutoff when it exceeds the interacting radiation wavelength. Furthermore, stimulated emission of an optically
modulated electron wave packet has a characteristic harmonic emission spectrum beyond the cutoff, which
depends on the modulation features. In either case, there is no wave-packet-dependent radiation of the Fock state,
and particularly the vacuum state spontaneous emission is wave-packet independent. The classical-to-quantum
transition of radiation from the point-particle to the plane-wave limits, and the effects of wave-packet modulation
indicate a way of measuring the wave-packet size of a single electron wave function, and suggest an alternative

direction for exploring light-matter interaction.
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I. INTRODUCTION

Accelerated free electrons emit electromagnetic radiation
when subjected to an external force (e.g., synchrotron radia-
tion [1], undulator radiation [2], and Compton scattering [3]).
Radiation can also be emitted by currents that are induced
by free electrons in polarizable structures and materials, such
as in Cherenkov radiation [4], transition radiation [5], and
Smith-Purcell radiation [6]. Some of these schemes were
demonstrated to operate as coherent stimulated radiative emis-
sion sources, such as free-electron lasers (FELs) [7-11], as
well as accelerating (stimulated absorption) devices, such as
the dielectric laser accelerator (DLA) and the inverse Smith-
Purcell effect [12-14].

Most of the free-electron radiation schemes of emission
or acceleration operate in the classical theoretical regime of
electrodynamics, where the electrons can be considered point
particles, and the radiation field is described by Maxwell
equations (no field quantization). However, a variety of free-
electron radiation schemes [15,16], and particularly FELs
(e.g., Refs. [17-19]) have been analyzed in the framework
of a quantum model in which the electron is described in
the inherent quantum limit, given as a plane-wave quantum
wave function—the opposite limit of the point-particle clas-
sical presentation. Quantum description of the electron wave
function is also used in another recently developed research
field of electron interaction with radiation: photoinduced near-
field electron microscopy (PINEM) [20,21]. In this scheme,
a single electron quantum wave function interacts with the
near field of a nanometric structure illuminated by a coherent
laser beam. Of special relevance for the present discussion is a
recent PINEM-type experiment of Echternkamp et al. [22], in
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which it was demonstrated that optical frequency modulation
of the energy and the density expectation values of a single
electron wave packet are physically possible.

The extremely different presentations of the radiative in-
teraction of free electrons in the classical and quantum limits
raise interest in the theoretical understanding of the transition
from the quantum to the classical limit of the radiative inter-
action process. In the classical description, the point-particle
dynamics is governed by the Lorentz force equation, and its
radiation—by Maxwell equations. The radiation field emitted
spontaneously by a single free electron and its stimulated
emission and absorption have phase dependence on the radia-
tion field. However, in the “classical spontaneous emission” of
free electrons (e.g., undulator radiation, Cerenkov radiation)
the phase dependence of the individual electron washes out
after averaging over an ensemble of electrons entering the
interaction region at random phase. On the other hand, in the
quantum description of spontaneous and stimulated radiation
by a free electron there is no phase dependence already at the
level of a single electron, because the electron is described
by an infinitely extended plane wave [15]. The spontaneous
emission is described as a consequence of “zero-field vibra-
tion” in a quantized field model. The stimulated radiation
emission (absorption) is explained in terms of multiphoton
emission (absorption) processes in which the electron makes
a transition to lower (higher) energy states of its continuous
energy dispersion curve.

The way to settle these two diverse points of view of the
electron-radiation interaction, and understand the classical-
to-quantum transition, is to describe the free electron as a
quantum wave packet [23], which would tend to resemble
a plane wave when the wave packet is long relative to the
radiation wavelength, and a point particle in the opposite limit.
In this article, we analyze the spontaneous and stimulated
emission problem of a quantum electron wave function in a

©2019 American Physical Society
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FIG. 1. Smith-Purcell radiation experimental setup for measur-
ing electron wave-packet spontaneous and stimulated emission and
corresponding electron energy spectrum and wave-packet-dependent
acceleration. (a) An expanding electron wave packet. (b) An
energy-modulated wave packet, turning into a density-modulated
bunched electron wave packet, and emitting stimulated-superradiant
Smith-Purcell radiation and corresponding acceleration at harmonic
frequencies.

quantum-electrodynamics (QED) formulation. We will show
that in the case of stimulated interaction with a coherent
(Glauber state) radiation field, the more general QED model
is consistent with the semiclassical analyses [17,24,25], but
as expected, it has different predictions in the case of sponta-
neous emission [26-28]. Since recent experimental progress
[29,30] makes it feasible to generate, accelerate, control the
shape and size, and modulate a single electron wave packet
[22,31-34], we assert, based on the presented theory, that ra-
diative interaction experiments in the transition range between
classical-to-quantum electron wave-packet limits, provide a
viable way for measuring the dimension and structure of
the electron quantum wave packet. It can help to resolve
the difference in description of spontaneous emission in the
classical and quantum formulations, and offers an alternative
way to study fundamental aspects of radiation-matter inter-
action in the quantum limits. In particular, it can provide
better insight into the fundamentally disputed problem of the
physical interpretation of the quantum electron wave function
and the particle-wave duality nature of the electron [35,36].

II. MODELING AND METHODS

In the present work, we exemplify the general analysis
for the case of radiative interaction of a free electron with
a slow-wave axial field component of a radiation mode of
frequency and wave number (w, g;), such that it can interact
synchronously with a copropagating electron of velocity vy =~
w/q.. Such a slow-wave component can be a near-field evanes-
cent diffraction order (Floquet space harmonic) propagating
along a periodic grating (Smith-Purcell structure), or it can be
a TM wave in a dielectric structure or in a hollow dielectric
waveguide (Cerenkov radiation structure) [4,16,9].

In Fig. 1(a) we show a Smith-Purcell experimental setup
for measuring the spontaneous and stimulated emission from
such structures as well as the electron energy spectrum after

interaction. In these experimental setups, it is possible to
measure the radiation emission and the dependence of the
electron energy spectrum on the size of the expanding wave
packet o,(#p), which depends in this case on the drift time
of the electron wave packet from its virtual emission point.
Figure 1(b) shows an elaborate version of the Smith-Purcell
experiment, in which the electron quantum wave packet is
optically modulated (as demonstrated by Echternkamp et al.
[22]) before it drifts and enters into the radiative interaction
section. We point out that even though the present analysis
demonstrates the interaction for the case of a slow-wave
structure, it can be straightforwardly extended to other radia-
tive interaction schemes of a free electron, such as transition
radiation and FELs.

Our QED analysis is based on first-order perturbation
solution of the relativistically modified Schrodinger equation
[15,24] for a free-electron wave function and a quantized
radiation field. The unperturbed Hamiltonian is similar to the
one used in conventional quantum analysis of free-electron
interaction [15], but, as in [24], the equation is solved here
with initial conditions of a finite size electron quantum wave
packet instead of a plane wave. The interaction Hamiltonian
is taken to be

e[A - (—ihV) + (—ikV) - A]

H(1) = - 2m ; (D

where y = 1/,/1 — B2 is the Lorentz factor, 8 = vy/c, and m
is the free-electron mass. For the case of our concern,

~

A= - [Ewe ™ — B e, 2)
2iw

where A, B are field operators. In our one-dimensional anal-

ysis, we assume that the light-electron coupling takes place

through an axial slow-wave field component of one of the

modes g:

E(r) =) Ege™age,, 3)
q

where &q(&;) is the annihilation (creation) operator of photon
number state |v) in this mode g. For Smith-Purcell interaction,
the field (3) is the axial component of one of the space har-
monics of a classical Floquet-mode radiation wave incident
on a grating in a Smith-Purcell structure [24,25], Eq(r) =
> Eqme' %, where g, = g0 + m2m /LG, and one of the
space harmonics, m, satisfies the near-synchronism condition
with the electron velocity w/q., =~ vy. The ratio between the
interacting (synchronous) axial wave component at the elec-
tron path and the amplitude of the incident radiation wave (the
fundamental space harmonic), 14, = qum /Eq 10, 1 a function
of the specific grating structure that can be calculated by
direct solution of classical Maxwell equations. Here E,_,, and
Eq 10 are the axial component and transverse component of
the mth-order and zeroth-order space harmonics, respectively.
We assume that the fundamental space harmonic (that radiates
in free space) is the dominant space harmonic and is box
quantized as Eq 10 = \/m [37].

Following the standard quantum-electrodynamics theory,
we expand the initial wave function in terms of the quan-
tum numbers p of the electron state and the Fock photon
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occupation state of mode ¢, which is given by |i) =
> o c},’)v (t)|p, v). For the case of an electron wave packet in
our one-dimensional model, the initial wave function is given
by

_dp <0>

N

li) = —EA v, 4

where the energy dispersion relation of relativistic free elec-

trons is E, = ¢/m?c? + p?.

First-order time-dependent perturbation theory of the
Schrodinger equation [37] (see derivation details in Ap-
pendix A) results in

1 .
lhc;} )v :/ ZC(O) p v |H[([)|p, v)e i(E, pr)t/h.

&)
|

Integrating (5) in time ¢ from O to infinity, the emission
and absorption process terms of the first-order perturbation
coefficient c(l) , = c(l)é/e) + ¢ are given by, respectively,

v
Mea) T (0) (e,a)
Sy Mf Zc (P VIH O O)lp.v)
E,—E,Fh
) Ep — By Fho , (6)
2h

where H““ correspond, respectively, to the second and first
terms in the interaction Hamiltonian (1).

The momentum quantum recoil of the electron is
found from substituting in (6) the energy dispersion rela-
tion, expanded to second order: E, = cy/m*c? + p> ~ gy +

2
vo(p — po) + & e o) Determined by the delta functions, it is
P’ = P — po = pleo(l £ 8) po = yomuo, where PR =
hw vy, 8 = hw/2m* vo, = Vo m. Then the first-order pertur-
bation coefficient is given by

+(p/+piil—ﬁqm/2)f \/gca/» o ,_lsinc(gf;) /z)ei@(j’/zwm

e _ Po @
(a i@ '
Cpv (P Pre2+”‘1 ,,,/2)Tmc(0) @, ,Hsmc 95::)/2)67’(9:")/%%)
_ (e.a) 4 L — 8
g(ev“)ZMZ ﬁ_qzm Li(2)Ls=08,+2 ®)
m
T o o £

where 6,, = (vﬂ0 — g.m)L is the classical interaction “detuning

parameter”; &€ = 8(%)L <« 1 is the interaction quantum recoil
parameter [15]. The normalized photon exchange coefficient
is 7 = et

dhe

The schematic diagram in Fig. 2 shows the light-matter
scattering processes of emitting and absorbing a photon.
Explicitly, for emitting a g)hoton the final coefficient of state
|p, v+ 1) is given by cp vel T ;I?J(j)l. This represents a re-
ciprocal electron momentum and energy conserving process
through emission of photon and momentum backward recoil:
Ip—i—pﬁgg, v) = |p, v+ 1) [38]. On the other hand, for ab-
sorbing a hoton the ﬁnal coefficient of state |p,v — 1) is
given by 0 v [t ¢l e 1, which corresponds to the process of
absorbmg a photon and electron momentum forward recoil:

@, @ |+
pv+1) —2 LT By 4 1)
(0)
C
p, v) p,v)
(0) HORSSIN G
Ip,v — 1) Cpv—1 o1 T Cpu p, v —1)

initial state

FIG. 2. A schematic diagram showing the light-matter scattering
processes of emitting and absorbing a photon from an initial electron-
photon distribution (|c?) I*) to a final distribution.

[
|p — p9, v) = |p, v — 1). Finally, the net photon emission

rec’

and absorption is obtained from

— 0) (e (0) (1)) |2
Avq - Z( p v+1 + Cp,v-'rl p v—1 + Cp,v—l ) (9)

DV

This can be expressed as the sum of two terms, Ay, =
AvD + AV e,

AU;I)ZZZRG{(C(O)* c(l)(c’)) ((0)* C(l)(tl))}’ (10a)

pv+1-pv+1 p.v—1"pv—1
p,v
@ _ (1)(e) () |2
Avg _Z( pu+1 — €1 ). (10b)
p,v

Note that we replaced the index p’ — p, v — v for the
final momentum and photon distributions. The second photon
emission term Av? is the same as the expression that has
been derived in previous QED formulations by free electrons
in the plane-wave limit using Fermi’s “golden rule” [15].
The first term Av‘D is the contribution from the interference
between the initial and scattered states that depends on the
features of the initial wave-function distribution. This phase-
dependent term, that is beyond the conventional Fermi’s
golden rule [38], has not been considered in previous analyses,
and is a pivotal observation of the present formulation.

Additionally, at this point, it is proper to explain the neglect
of the phase-dependent second-order emission and absorption
terms 2Re{c®”(p)e®(p') + VO (p)c MO (p)) ox e
and other second-order processes of interference between
emission and absorption terms. Their inclusion requires
second-order perturbation analysis (c,, (1) = ¢\’ 4 ¢!} +
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c$?)) beyond the present first-order perturbation analysis,
Wthh would not affect the main results of the derived first-
order momentum density expressions. They would add small
wave-packet-dependent contributions to the second-order mo-
mentum density expression, and will produce second-order
sidebands of two-photon emission and two-photon absorption
processes [17,24].

III. RESULTS

In the present analysis, we consider the case where the
electron wave function and the radiation field are initially
disentangled, C;Bl); = cg))cgo), where the component ¢, is only
for the electron state and ¢, is only for the photon state.
Substitution of (7) in (10) then results in

A = Z (Vv F Ip@ 4+ fop @),

8%
Avf) — Z [(v + l)p(Z)(e) vpl()Zl))(a)]’ (11)
p,v
where
+ (P& F hgem/2
p(l)(ea) ZT p (rec + 6]zm/) Sinc@x,a)/z)
Po
0y« .(0) O3 (0)) ,+i@" /2
X Re{ (076 ) (el ),
(12a)
e _ 72 pE (Pl F he. m/2)
Ppv
Po
. ( ) 2 2
xsinc @ /Dy Lo [ (20

We are set now to examine various cases of interest: (A)
spontaneous emission; (B) stimulated emission with quantum
light, and particularly with a single Fock state—c® = §,,, ;
and (C) stimulated emission from a coherent Glauber state.

A. Spontaneous emission

In this case,
¢ =8y, (13)
and we get from the second-order perturbation of Eq. (10b)
that the only nonzero quantum transition term is the first
(emission) term (see Fig. 3), giving the single photon emission

from the vacuum state:
1)( (e)
Zi( I = Tsinc (@, /2),

Al)q Sp = AV(2)|
(14)

where we approximated at p¢) /po, fig.m/po < 1.
Remarkably, in this case, (11) and (12) produce the null
result Av{D =0 for the spontaneous emission contribution
of the first-order perturbation term. Equation 14 is then the
only source of spontaneous photon emission, and therefore,
to first-order approximation, there is no wave-packet size or
shape dependence of spontaneous emission! In the case of
an open structure, such as the Smith-Purcell setup [Fig. 1(a)],

(1)(e) :
. :
B . L ’p? 1>

e ot

e 2%

(0) |
lp,0) 20 — |p,0)

inital state

FIG. 3. Spontaneous emission occurs due to the radiation field
of the vacuum state. In the absence of any light sources, there is no
process of absorption.

there is a continuum of modes, and the useful parameter is the
spontaneous spectral radiant energy emission per unit solid
angle per unit frequency:

aw,
=) = hwpp(@)Avgsp
dwd2 ) o ’

e’L? o Mo 2 .. 9 gm
= Wc_z /8—0|nqm| sin ¢ (7), (15)

where we used for the free-space density of modes p,,(w) =
?V /8m%c? (suppressed the photon polarization index) [15].
This expression for the spontaneous emission is consistent
with both classical and QED expressions, previously derived
in [25,15].

B. Stimulated emission—Fock photon state

In this case,
(0) = Oy, - (16)

Inspecting (11) and (12), it appears straightforward that,
similarly to the case of spontaneous emission (which is simply
the Fock state vy = 0), there is in general no Fock-state-
stimulated emission due to the first-order terms, namely,
Av(l)lvo = 0, because substituting (16) in (12a) results in

null terms: /vy + (ciof] f)%) = \/v_g(c(uo)_*l cgg)) = 0. There
is therefore no linear field stimulated radiative interaction with
a Fock-state radiation wave. This is hardly surprising, since a
Fock-state wave has no phase.

The second-order terms in (11) do produce spontaneous
and stimulated emission that is also wave-packet indepen-
dent. With the approximation p%9 /py, fiq,, /po < 1, and the
limit of an infinite (plane-wave) electron wave packet C;,O) =
3(p — po) the momentum integration of (12b) results in
6/2)]. (7

This result is fully consistent with the previously derived
expressions for spontaneous and stimulated emission of FELs
and other free-electron radiation schemes in the infinite elec-
tron quantum wave-function limit [15].

Av;z) = 12w + 1)Sinc2(§,(;)/2) — vgsinc?

C. Stimulated emission—coherent photon state

A coherent Glauber state represents the classical multipho-
ton radiation field of a laser beam. In this case the photon state
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coefficient presentation in terms of Fock states is given by [37]

|\/T0) = ¢ Z (”") (18)

and here vy is the expectation value of the photon distribution
of the Floquet mode ¢ incident on the grating:

Zv|c(°)| (19)

v

In this case, contrary to the Fock case, substitution of
(18) into (12a) includes a nonvanishing sum of terms,
LV FTE ) = 30, Jelel®) = /ig # 0.

Therefore, the phase-dependent stimulated photon emis-
sion of a coherent state Av;” is nonzero. This is consistent
with the conclusion of our earlier semiclassical analysis of
this problem [24], and is fully expected, since the coherent
state represents a classical radiation field. The substitution of
(18) into (11) results in, for this case, the stimulated photon
emission contributions:

Avél) — Z (mpﬁl)(E) + \/v_opl()l)(a))’

P
AvP =3 [0+ Do —wpP @] (20)
P
where
+ (PO F g /2 e
P(l)(”) 27 P+ (W& F hgon/?) sinc(@,(n’ )/2)
Po
XRC{( (0)*C((2 (ea)) il(e(w)/H%)},
:l: (g’a) h m 2
Po " P

Noted that the second expression for the stimulated emis-
sion is essentially the same for the coherent state and the Fock
state, and is given, in the limit of a plane-wave quantum wave
function, by the same “FEL gain” [15] phase-independent
expression [Eq. (17)]. The wave-packet case differs only
concerning the first-order contribution that is null for a single
Fock state but is finite for a coherent state. Our formulas can
be extended into more general photon-electron interactions
with quantum light, such as the squeezed state or the cat state
[38,39]. Note, though, that the radiation or acceleration with
quantum light is still out of experimental capability, since the
quantum light sources are too weak at the present state of the
art.

IV. DISCUSSIONS

We now apply the formulation to two specific examples
of quantum electron wave packets: (a) a single finite size
electron wave packet represented by a Gaussian envelope
function, and (b) an optically modulated Gaussian envelope
wave packet [22]

A. Gaussian electron wave packet

We consider stimulated emission with a fixed photon
coherent state, interacting with an electron wave packet of
Gaussian distribution, chirped after drift length Lp:

(@ = (ra2) exp [—

where 6,3(@) = 030(1 +iktp)!, £ = ngo/m*h, Lp =
votp. We perform the momentum integration in (20) for
this case, using (21), under the same approximation,
PO Tigo, Tpo &K po (see Appendix B and Ref. [24]),
which results in

2
(p — po) ' Polo=com)fi (37
455 (tp)

AU;” =27 voe‘rz/z{sinc(af:)ﬂ) cos (5;:)/2 + ¢o)
+ sinc 95:)/2) cos 9;?/2 + ¢0)}.

Avsz) = ’er{(vo + 1)sinc2 (555)/2) — vosincz(g,(s)/Z)},
(23b)

(23a)

where we defined the extinction parameter,

w ho \/1+EZID
= ()= () S =i

(24)

with 'y = 2”(
this paper. Whlle the phase-independent expression Av® can
be found in the earlier publications [15,17-19], the phase-
dependent term (23a) is new. In the limit of negligible in-

teraction recoil, £ = 8( )L <1, G(e) G(a) =0,, Eq. (22)
reduces to Avél) = 4’Y“\/_e*F 2sinc(6,,/2) cos(@, /2 + do).
Substituting /VoE m = Ep 1, where E,, ¢ is the classical

mth-order axial slow-wave field component, then one obtains
the phase-dependent radiation increment:

2). This expression (23) is the main result of

ha)Av“):(eE aL)e T Zsine On cos eﬂ—l—(bo .
a 2 2

(25)

This result restores the semiclassical expression for elec-
tron wave-packet acceleration and deceleration that was de-
rived from solution of the Schrodinger equation for the
electron [24], and confirms the electron-wave energy con-
servation spectral reciprocity relation Avél) + AW /ho = 0
[38]. It is suggested that measurement of the dependence of
Eq. (25) on T can be used for evaluating the wave-packet size
o, (tp) at the entrance to the interaction region.

Einstein relations between the wave-packet-independent
stimulated emission and spontaneous emission are directly
derived from (23b), as in [15]. However, in the case of
the wave-packet-dependent expression (23a), the stimulated
emission is proportional to Y./vy, while the spontaneous
emission expression (14) is proportional to Y2. This suggests
another form of “Einstein relation” [25] between spontaneous
emission and wave-packet-dependent stimulated emission:

Ap(D)? 3
u = l6voerzcosz<7m + ¢0>. (26)

Avq,SP
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This universal relation is independent of the interaction
structure, because the structure-dependent coefficient Y can-
cels out. It can be useful for estimating the wave-packet-
dependent (and the point particle, I' <« 1) stimulated emis-
sions based on measurement of the spontaneous emission.

Comparison of (23a) to (14) also reveals that while the
wave-packet-dependent stimulated emission vanishes in the
range ['(Lp) > 1 (and absolutely so at any drift distance from

3
its source Lp < zg = b Oﬂyo 2 [24]), the quantum spontaneous

emission always exists, mdependently of I'. Therefore, ob-
servation of classical single point-particle emission and rec-
ognizing the transition of wave-packet-dependent stimulated
emission from the classical to the quantum limit in the regime
I' ~ 1, require overcoming a signal-to-noise ratio condition
S/N > 1, where

AvD
S/N = 4
Aqusp

Note that the coefficient T = 4h L is grating-structure de-
pendent. Derivation of explicit expressions for the measurable
S/N value is given in Appendix C.

Ay Q7

max

B. Modulated quantum electron wave packet

Now we consider the case where the initial electron state is
an optically modulated Gaussian wave packet. Such an elec-
tron wave function can be generated by multiphoton emission
and absorption from a laser beam of frequency w;. After a
drift length Lp in dispersive free space, its multiharmonic
momentum distribution is chirped [22]:

—1/4
O = (2702) 7" Zumgnexp[

n=—0o0

(p—po— nfsp)2
4oy

x ein%e*i(P*PO)ZID/zm*hei(PoLD*Eofz))/fl , (28)

where ¢, is the phase of the modulating laser, 2|g| =
[ eEp(z)dz/hiw is the photon exchange energy modulation
coefficient at the optical modulation point, and 8, = fiw, /vg is
the multiphoton emission and absorption electron momentum
recoil quantum at this modulation point. The detailed deriva-
tion of (28) can be found in Appendix B and [22,25], where it
is shown that the expectation value p©(tp) = |C[(,O)(ID)|2 (tp
is the electron free drift time after the modulation point) repre-
sents, for tp > 0, a density-modulated wave packet. After the
integration over momentum space in (20) and (21) with (28)
(see Appendix B), the photon emission is obtained as

Avfil) = ZTJv_o{sinc(gf:)/Z)B(e)(w) + sinc(_f:)/2)B(“)(w)},

(29a)
Avf) = '?2{(1)0 + l)sincz(gl(;)/Z) — vpsinc? (55:)/2)}.
(29b)

The second-order phase-independent term (29b) turned
out to be the same as the case of an unmodulated Gaus-
sian wave packet (23b), where the following sum rule

k%82 itne
was used, Y75 Jn(21g)i (2lgl) exp(— g el =

1, which indicates independence of the second-order emission

of the electron wave-function envelope and its internal dis-
tribution. On the other hand, the first term is dependent on
both the wave-packet dimension and modulation parameters
through the bunching parameter:
Be®
2 s _ k255 —hpriQ)
-r2/2 o2 a2
=e "2 > LQlgh2lghe

n,k=—o00

—(e,a)
(n—i—k)(?pp"’“)tg
m —n—k LT Pplrec D |
xcos|: 5 +¢o — (n— k), + ey

(30)

where we approximate p&? = p) = hiw/vy. In the limit of

negligible interaction recoil, & = §(> L L1, 0(6) 9(“)

0,,, we can express the phase- dependent term (29a) as

Av® (Emal N (O gy 31)
Pa.mod =\ T 2 ’
with
B© + B@ 0 — lwp)*02(tp)
B — B = twp) o, Up) ,
(@) = l;o zexp< 5 )

(32)

where we changed the summation indices (n, k) to (n, £ =
n — k), and substituted in the exponents 8, = fiwy, /vy, pO) =
(n — k)é, = o = lwy. The £th-order bunching coefficient is
then given by (see Appendix B)

S 12(8 &t 2
B~ Y Ll ilghex [—(8’;—”}”)}

n=—00

0., Q2n — DIty

— —1 — 33
XCOS|:2 + o b T (33)
It is instructive to affirm that the zero-order har-
monic (I =0) has the same functional dependence as
the wave-packet-dependent expression of the unmodu-

lated wave packet (25) with the same cutoff, B(w)|;— =

0 1 2 3 4
2no,(tp)/PA

FIG. 4. The wave-packet-dependent photon emission rate as a
function of wave-packet size for unmodulated electron wave packet
interacting with a coherent laser beam. Inset: the schematic diagram
of a Gaussian wave packet.
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1.0F ‘ ‘ : :
— 0.8 cutoff 000 0000
S o6l
C;é 0.4
02} A A
0.0k
0 1 2 3 4

w/wp

FIG. 5. The high-order-harmonics spectrum of stimulated emis-
sion by a periodically bunched wave packet, interacting after a drift
length corresponding to maximal density bunching. The harmonics
are separable, w,o,(Lp) = 4 > 1. Inset: the schematic diagram of a
periodically bunched Gaussian wave packet.

e’rz/zsinc(%m)cos(%’" + ¢o), but because of the modulation,
higher-order-harmonic emission is spectrally possible beyond
the cutoff condition I' > 1. Also notice that in the absence of
modulation (g = 0), but also in the absence of drift (rp = 0),
Eq. (31) reduces to the expression of the unmodulated wave-
packet case (25), which leads to the significant conclusion that
in the absence of density modulation there is no modulation-
dependent emission.

The multiharmonic spectrum of the spectral parameter
B(w) is shown in Fig. 5 for the case of wo,(tp) =4 > 1,
that corresponds to a long wave packet with internal mod-
ulation and separable harmonics. The harmonic amplitudes
were calculated for a modulation coefficient value 2|g| = 11.4
and a drift length for which the density modulation ampli-
tude is maximal [22,25,32-34], tp max = (77 /@p) /(A Pmax/Po)s
where Apmax =~ 2|glhwp/vg. The emission spectrum is
shown for maximum acceleration phase for each harmonic.

Comparative measurement of the emission spectrum with
modulation (Fig. 5) and without (Fig. 4) may be helpful in
the measurement of the wave-packet size.

V. CONCLUSIONS

The main results of the present analysis are summarized
in Table I for cases of finite size, both unmodulated and
modulated quantum electron wave packets. Solving for the
interaction of an electron wave packet with quantized radi-
ation, we identified two additive contributions to the photon
emission: wave-packet dependent (Av{") and wave-packet

independent Avf,z). The second-order term is consistent with
the conventional quantum theory for spontaneous and stim-
ulated emission of free electrons in the infinite (intrinsic)
quantum wave-function regime [15]. The first-order term
Av(D is innovative. It predicts wave-packet dependence of
stimulated emission when the interacting radiation state is
coherent (Glauber) state, consistently and complementarily
with earlier predictions of electron wave-packet-dependent
acceleration and deceleration, based on semiclassical (elec-
tron Schrodinger equation) analysis [24]. A Fock state in-
teracting wave has null contribution to the first-order term
Av". This includes also the case of the quantum vac-
uum fluctuation, indicating that the QED-modeled sponta-
neous emission of a free electron is wave-packet independent
in all regimes independently, whether the wave packet is
modulated or not.

The main result of this work is the affirmation that the
first-order stimulated emission spectrum of a wave packet
depends on its size at the entrance to the interaction region,
o,(tp). It exhibits an exponential decay scaling (25) with a
short-wavelength cutoff when o,(fp) ~ BoA, corresponding
to the transition from the point-particle classical interaction
limit to the quantum electron wave-function limit. An even
more intricate characteristic of the stimulated emission
spectrum takes place when the wave packet is optically

TABLE I. A gallery of phase-dependent and phase-independent photon emission rates of unmodulated and modulated quantum electron

wave packets.

P}i('{T?iFlM: S_\SI/ll?.NS Gaussian Electron Wavepacket Modulated Electron Wavepacket
q = q q
/ (1) =
S Vacuum AV” 0
pontaneous .
o State of
Emission ioh . —o . o ((e)
Light Al/‘(] ) = YZsinc (9 /2)
A1) —
Fock Al/q =0
State of
Light A"¢S2) =72 {(I/U + 1) sinc? (émﬂ) — yysine? (9('1)/2)}
Stimulated
Emission B , ;
Coherent Avy = ((IIMIL)' /2 sine(8/2) cos(8/2 + o) Ayt = (’i'[L>BUJ sinc(0/2)
w )
State of
Light Au{s?) = T2 {(u(, + 1) sinc? (5(6')/2) — yp sinc? (5(0)/2)}
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modulated, displaying a wave-packet-dependent harmonic
frequencies spectrum beyond the cutoff wavelength (Fig. 4).
This observation presents alternative understanding in
light-matter interaction: the well-known klystron-type
stimulated-superradiant interaction schemes of radiation
emission from density-bunched point-particle beams [40]
are physically possible also with density modulation
on the level of the quantum wave function of a single
electron. The experiment reported by Priebe et al
[32] may be a demonstration of such phase-dependent
stimulated interaction at second-harmonic bunching
frequency.

We assert that measurement of the characteristic stimulated
emission spectra of modulated and unmodulated quantum
electron wave packets provides a way for evaluating their
size and internal features. Such measurement can be done
by changing the interaction wavelength A or the drift length
Lp = volp in the range o, (tp) = o,V 1 + &%t} ~ Bok, which
is attainable at short enough drift lengths away from the

source: Lp < zg = b °y° —' [24]. We stress, however, that only

for simplicity we assumed that the wave-packet size at the
entrance to the interaction region is determined by the drift
time. Advancement of optical streaking techniques [31] would

J

provide full control over the phase, size, and chirp charac-
teristics of the quantum electron wave packet. Hence, the
more general conclusion of this work is that the stimulated
interaction of a free-electron wave packet is dependent on
the history of the electron transport prior to the radiative
interaction.

Practical measurement of photon emission and electron
energy spectra of single electron radiative interaction is a
challenging experiment. It requires accumulating multiple
interaction events data with wave-packet preselection of
Aharonov’s weak measurement scheme [41] and using wave-
packet shape formation schemes as in [31]. The detection of
the radiation certainly also requires satisfaction of a signal-
to-noise ratio condition S/N > 1, considering the ever-present
wave-packet-independent noise due to spontaneous emission.
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APPENDIX A: FIRST-ORDER PERTURBATION THEORY ANALYSIS

Following the standard quantum-electrodynamics theory, we expand the initial wave function in terms of the quantum
numbers p of the electron state and the Fock photon occupation state of mode ¢, which is given by i) = ) oo ;}01)) ®)|p, v).
For the case of an electron wave packet in our one-dimensional model, the initial wave function is given by

i) = / Zc“” S p,v), (A1)

where the energy dispersion relation of relativistic free electrons is E, = ¢/m?c? + p?.
First-order time-dependent perturbation theory of the Schrodinger equation [42,43] results in

ihc’<5),=/—d”
i = e

(P V| H ()|, v)e

71'(E,,7Epr)t/h. (AZ)

Integrating (A2) in time ¢ from O to infinity, the emission and absorption process terms of the first-order perturbation

(1) — c(l)(e) +c(1)(a)

coefficient ¢, are, respectively,

hea) _ T © ¢ HEO0 E, — Ey F ho A3
ey M/ Zc ' IH O O)lp, s ), (A3)
where H. ,(e’”) correspond, respectively, to the second and first terms of the field operator A= —ﬁ[ﬁ(r)e‘i“” — E"'(r)ei“”] used

in the interaction Hamiltonian [Eq. (1) in the main text].

The momentum quantum recoil of the electron is found from substitution in (A3) of the energy dispersion relation expanded to

second order: E,, = cy/m*c? 4+ p> = g9 + vo(p — po) + (pgﬁf)z

recoils are found to be p{¢® = p/“? — py = pf

Then the first-order perturbation coefficient is given by

e _ T -0

p v - iU() p’:l:p(k .a)

and the general matrix element is given explicitly by

. Determined by the delta functions, the emission and absorption
(1 £ 8), where py = yomuvp, p = liw/vy, § = hiw/2m*v3, and m* = yim

AP VIHEDO) P £ P, ), (Ad)

rec °

hEgn ¢ 11 dz_,—i(qonz—¢0) ,—ip'z/R( D _ ;
+—"(v’|aj]|v>fﬁe i(g:mz=¢0) o lPZ/ﬁ(a_Z — lqzm/Z)e’p /h

2yomew

(P, VIHS0)|p, v) = )
_ ethzm

D (/]| v)

(AS5)

et(qmz ¢o)eftp2/ﬁ( +igq. /2) ipz/h
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After integrating over the spatial space (z) and using (v'|a] = V' + 18y vi1, (V]ag|v) = V/V'8, 1, one obtains
/ (e) ~ — . (o)
+(Z +pm—hqz,,,/2)T NOZLE sinc(@f;) /2) i@’ 12+0)
e _ Po ppe -1 (A6)
p v . —(a) ’
(p pm+ﬁqm/2) \/v——i—lc(o) “ ,Hsmc Qi:)/z)e—l(em /2+¢0)
with the normalized photon exchange coefficient T = % and
— (e.a) + h L w w _ &
ef:lz,u) _ (prec qzm) (2 _q. L2 )\s = Qm i e (A7)
h Vo Vo 2

where 6,, = (5’—0 — ¢.m)L is the classical interaction detuning parameter, and ¢ = 8(1}20)L <« 1 is the interaction quantum recoil
parameter [44]. Note that we replaced the index p’ — p, v/ — v for the final momentum and photon distributions.

APPENDIX B: DERIVATION OF PHOTON EMISSION BY A GAUSSIAN ELECTRON WAVE PACKET
AND A MODULATED GAUSSIAN WAVE PACKET

To derive the photon emission expressions for a single quantum electron wave packet [Eq. (23) in the main text)],
the integration over p in Egs. (11) and (12) should be carried out with the Gaussian distribution function of the drifted

electron amplitude in momentum space [Eq. (22) in the main text]:c{” = (27wo, )~/ exp[—%]ei(”@”_s”’m/h. For the

phase-independent second-order photon emissionAv?, this involves the following integrations:

. 2
Z p+ P& — hqum/2 ROBNE
P+l

B Po
(e) _ h m 2 2 + (@ — ? h zm g ?
(2]_[0_ ) I/Z/dp(p+prec q: / > exp _m = <1 — = ) -+ <%) ~ la (Bl)
Do 20 2po Po

Po

2 hq 2 o\
:<1+ﬂ> +<ﬂ> ~ 1. (B2)
2po Po
For the phase-dependent first-order photon emission part (A v;l)),

©) — g2
Z{[”* i = M/ )]Re{c;“*c;”ipgg}}

and similarly, for the absorption term,

5 [p— (Pl —

» Po

p— p(a)

nqzm/ 2) ] | ©)

” Po
figm/2 — po)? + 0@ — po)?
= (2n0})" l/2/5119(17+pre° Gon/ )Re exp ___pzp)r 17.0) — | exp _—(p Prec : po)ﬁl
Po 402 (1 — i€tp) 402 (1 + i€ip)
(€)
= e—FZ/Z(l - Pree —"en hq””) ~ e, (B3)
2po
and similarly, for the absorption term,
— (P9 — hg,,,/2 © — fig.m t
Z { |:P (prec Gom/ ):|(C§)0)*C;0)p£g>)} — e—F2/2< Prec — qzz + lprecg: D) ~ e—l"2/2, (B4)
p p() © PO

where we define the decay parameter,

5 ,/1+.§2r 2 202
r:(vﬁo)azal)):(‘“) L=rofi+eup and To=(F) £= S (BS)

20p, Bo yombi

These result in Eq. (23) of the main text. Note that in all cases we took the approximation p&.?, fig,, o,, < po in the last
steps of calculation. Also, note that the imaginary part may contribute to an additional phase to the cosine function in the case
of very long drift time 7.

Similarly, to derive the photon emission of the modulated quantum electron wave packet [Eq. (29) in the main text], the

integration over p in Eqs. (11) and (12) should be carried out with the modulated Gaussian distribution function of the drifted
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electron in momentum space:

o 2

—1/4 (D= P0o = 18p)" | inss —i(o—po Yt /2w i i(poLo—

Cg)) = (2710’1%0) / E J.(2|g]) exp |:— By p :|etn¢be i(p=po)’tn/2m* 1 4i(poLp—eatp)/h (28"
n=—00 po

For the phase-independent second-order photon emission Av?, this involves the following integrations:
2
Z p+ P — ligon/2 RONNE
ppiid
(€)

» Po
00 2
—12 —itn— P+ Prec — hqum/2
= (@ra2) Y @lghi@lghe / dp( e

n,k=—00

% exp [_ (P+ P& — po— nép)z} exp [— (p+ P — po — ksp)2:|

4030 4030
M+ 08y +higen ] (0] & (=08 |
:Hl——; () X Il exp | — s e
Po Po nhmoo %po
0 292
(n —k)*8 4
~ Y Taleh(2lgl) exp [——2" e bt — 1, (B6)
nk=—00 SGPO
and similarly,
2
(a) 0 _ 1\252
P — (Prec — hqzm/2 2 (n—kysy| .~
> [ (Pl ~ P )] [P LT Y Tlghdlghexp [—8—2” R (B7)
» Po P~ Prec P O-p(]

Here we took the approximation p&?, |n+ k|8,, figum, 0, < po in the last steps of calculation and adopted an identity
relation of Bessel functions.

For the derivation of the phase-dependent first-order photon emission term of the modulated quantum wave packet (Avé”)
[Eq. (29a) in the main text] we went through the following derivation steps of integration (11) and (12) with (28), using the same
approximations:

Z { |:p + (pl(’gt)i - h‘hm/z)](c(o)*c(o) ( ))}
P p+[’rgc

» Po

(e)

oy P+ Prel — figzn/2
= (o) 3 nlhacighe e [ dp( A )

nk=—o0

2 2
(p— po — I’l(sp)2 (p + p&gg — po — k(gp) ip=py—ndpPtp _ iptpied—po—mksp) 1y
* 2mF
X exp | — 107 — 107 e~ Fh I
GPU Upo

(e)2

. 148203 )pred
|:] + (n+k)ép + Pﬁgg — hqom + lpgggfl‘p i|e_(+xa§0]

2po
> 262 .
(n—k)’8, (n—k)8,p | in+kS,pQm |
J,2 Ji (2 — P Plrec PFrec —i(n—k)¢y
x ) JIghii( |g|>exp[ < o e e
n,k=—00 Po Po
a+e23f (n— k)252 (n— k)8 (e) : (e)
- ) — Prec i(n+k)é DreeD | _itn—
e VR Y Julghlghexp {— e e Sl b (Bg)
n,k=—o0 Po Po

and similarly, for the absorption term,

(a)2
T

—(p @ —p /2 a2 2ypel )
Z”p (P = en/2) ](cﬁ?’*c“” m)}w T S ACTOVACI)

P~ Prec
» Po

n,k=—00

8630 403U 2m*h

202 .
« exp [_ (n—=kP8) (= k)S,pQ i+ k)5pp§§gtp:|e_i(n_k)¢b. 59)
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We note that the expression for the second-order photon emissionAv{> [Eq. (29b) in the main text], including the expression
for spontaneous emission (vg = 0), comes out identical to the expression for the unmodulated wave packet (23b), namely—the
modulation, as well as the wave-packet dimension, does not affect the spontaneous emission spectrum at all. Also, note that
the expression for the first-order photon emissionAvél) [Eq. (29a)] reduces to the expression of the wave-packet-dependent
first-order term of the unmodulated wave packet [Eq. (23a)] in the limit of the diminished modulation parameter 2|g| — O,
where the identity e (HE DD B, e~ T"/2 recovers the spectral cutoff factor in Eq. (23a).

Notice that besides the momentum integration, Egs. (11) and (12) involve also summation over the photon occupation states.
In the derivation of the first-order photon emission expression (that is dependent on both wave-packet size and the modulation
parameters), we used the sum-rule expression [Eq. (18)], that is valid only for a coherent (Glauber) state of the radiation state

(and not valid for quantum light). This results in

Av;” = ZT‘\/V_O{sinc(gl(,f)Z)B(e)(a)) + sinc(@iz)/Z)B(“)(w)},

1 + 2t2 (0)2 0 (n _ k)282 — s 0)
g = exp | LFEDIE] 57 rgpacalgh e | - by U2 Db
8050 8c2 402
n,k=—o0 Po Po
gle.a n+ k)8, pO
x cos|: m +¢0+(2;$—(n—k)¢b} (B10)

Using the approximations p(¢® = p® = hw/vy, 6, = 6, = 6 results in Eqs. (31) and (32) in the main text:

rec

En,lL B BO + B¢
Av;})mod = (e—’l)sinc(j)B(w), B(w) = AR A

how 2
2P0 oo (n—k?*82  (n—k)s,p®
_ . - Dr
= T Y LQIeiQlghexp | -t +
8o 4o
nk=—o0 po po
7] (1 + k)3,ps tp
v LT Pee Dy g
X COS |:2 + ¢ + m*h (n — ke

00 00 0) _ 2:0.0
) { > LQlghTui2lgl) exp [—(p wd =10y 1 18,)°¢ ZD}

I=—00 \n=—00 SGPZO
18, — p©)° 9 @2n — 1)8,p Ot
X exXp [_ ( p80.2 reC) cos E + ¢o + zm*[};prec - l¢b
Po

00 O _15)? o0 22
- Z B, exp _(pfec—wf’)_l - Z B, exp [_w} (B11)
802 (1+&23) 2

[=—00 [=—00

with p{Q) = (n — k)8, = » = lwy, and | = n — k being the microbunching harmonic order. The /th-order bunching parameter is

given by

> —18,(2p\0) — 18,)&%t3 e n — 1)8,p9tp
B = Y J1,2lghtu-i2lgl) exp [ L= 2 COS[ L+ o+ —— o — l¢b]
S 80130 2 2m*h
00 A 2
12(8,&tp)? gle® (2n — D182t
~ Y Ja(2lga-i(21gl) exp —LZD cos | I+ ¢ + ————— — Iy |, (B12)
n=—o0 80p0 2 2m Fl

where 8, = hw, /vy. This frequency dependence of the bunching parameter factor in the first-order stimulated emission explains
the remarkable resonant radiative “spots” at @ = lwy, in the stimulated emission spectrum (Fig. 5 in the main text) beyond the
frequency cutoff of / = 0, reflecting the interior microstructure of the electron wave packet.

APPENDIX C: SIGNAL-TO-NOISE RATIO

A necessary condition for measuring the wave-packet-dependent stimulated emission per electron is addressed here. The
phase-dependent term (the ‘signal’) is given by [Eq. (25) in the main text]:

~ éﬂ'l ém
Avél) =47 voerz/zsinc(7> cos <7 + ¢0>a €D
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should be detected under the background of the ever-existing quantum spontaneous emission (the ‘noise’), which is the phase-

independent term [Eq. (15) in the main text],

vy (@)A OL & o, pgine (O (2)
= w)Av, sp = — | —ngm|~sinc*| — |.
dwdQ ) g, ~ PV T a2 gy e 2

Then, the satisfication of a signal-to-noise ratio condition S/N > 1 requires:

S/N = Auy>/<

dy
dwd

) AQget Awget s (C3)
SP

where AQqe, Awger are, respectively, the solid angle acceptance and the frequency bandwidth of the detection system.

Alternatively, we will present here a derivation of the S/N parameter by calculating from first principles the spontaneous
emission per single mode corresponding to the Floquet radiation mode incident on the grating in the stimulated emission
problem. In this case, we generalize the quantization procedure, such that

1
2

where t, = L/vy is the interaction time along the grating. For this model we get

’T = =
4hw

qumL _ 1 Ho
8 &0

= 2B, 0Pt = ho, (C4)
1o
22 1/2
Ko, m|2—/hw} , (©5)
nq Aeff,qtr

with t, = L/Boc, and substituting for the mode g (e.g., a Gaussian mode incident on the grating at angle ©®), A g =

Ly wefr 4 c0s(©/2), this simplifies into

L.
T = glnqnz'

2 1/2
2 ¢Po / ha)} . (C6)
EoWeff g

This expression can be used to calculate the spontaneous emission per mode [Eq. (14) in the main text],

Av,sp = Y?sinc?(8,,/2), (C7)

and then, with the expression for stimulated emission (C1), evaluate explicitly the maximal signal-to-noise ratio for an isolated

single mode detection [Eq. (27) in the main text]:

Ap(D)
S/N = (—Uq

Al)qysp

/% (C8)

Vo
T

max

This equation indicates that the wave-packet-dependent stimulated emission can be detected (S/N > 1) in a Smith-Purcell
experiment with a sufficiently intense incident laser pulse: vy > Y2/16.

Note that the same result can be obtained also by substituting Awgey = 27 /1, AQRger = (A/ 2Aeff’q)2 in Eq. (C3) for an optical
detection system optimally matched to measure the signal and spontaneous emission from a diffraction limited single mode.
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