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Abstract

®

CrossMark

The x-ray free electron lasers can enable diffractive structural determination of protein
nanocrystals and single molecules that are too small and radiation-sensitive for conventional

x-ray diffraction. However the electronic form factor may be modified during the ultrashort x-ray
pulse due to photoionization and electron cascade caused by the intense x-ray pulse. For general
x-ray imaging techniques, the minimization of the effects of radiation damage is of major
concern to ensure reliable reconstruction of molecular structure. Here we show that radiation
damage free diffraction can be achieved with atomic spatial resolution by using x-ray parametric
down-conversion and ghost diffraction with entangled photons of x-ray and optical frequencies.
We show that the formation of the diffraction patterns satisfies a condition analogous to the
Bragg equation, with a resolution that can be as fine as the crystal lattice length scale of several
lo\ngstrom. Since the samples are illuminated by low energy optical photons, they can be free of

radiation damage.

Keywords: x-ray quantum optics, diffraction imaging, atomic resolution

(Some figures may appear in colour only in the online journal)

1. Introduction

The advent of femtosecond x-ray free electron lasers (XFELs)
has enabled diffractive structural determination of protein
nanocrystals and single molecules that are too small and
radiation-sensitive for conventional x-ray diffraction [1-3].
Using x-ray pulses of ~10 fs, sufficient diffraction signals
could be collected before significant structural changes occur
in the sample [1]. Nevertheless, the electronic form factor
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could be modified due to photoionization and electron cas-
cades caused by the intense x-ray pulse [4, 5]. For general
x-ray imaging techniques, minimizing the effects of radiation
damage is of major concern to guarantee a reliable recon-
struction of the structure. Here we show that the radiation
damage free diffraction is achievable with an atomic spatial
resolution by using x-ray parametric down-conversion
(XPDC) [6-8] and ghost diffraction with entangled photons
of x-ray and optical frequencies. An intense hard x-ray pulse
generated by an XFEL is used to pump a nonlinear medium,
and is down-converted to two-photon pairs that consist of an
x-ray and an optical photon with wavelengths Ay and A,
respectively. The optical photons are sent to illuminate the
sample crystals or molecules, and the reflected photons are

© 2017 I0OP Publishing Ltd  Printed in the UK



J. Phys. B: At. Mol. Opt. Phys. 51 (2018) 025503

ZLietal

Figure 1. Proposed layout for two-color two-photon ghost diffraction
using entangled x-ray and optical photon pairs from XPDC The
optical photons with wavelength ), scatter off lattice planes with
Miller index [hkl] and inter-plane distance dj,,, and are detected by
the bucket detector D,. The distances from the crystal plane to that
XPDC output plane and the plane of bucket detector is d; and L
respectively. The entangled x-ray photons with wavelength Ay travel
a distance of D; to the pixelated detector Dg. Correlation
measurement is carried out for the detectors D4 and Dp.

collected with a bucket detector D,. The x-ray photons
entangled with the optical photons travel a certain distance,
and are captured by a pixel photon counting detector Dp.
Based on the basic principle of ghost imaging [9-14], the
output pulses of the bucket detector D, and the pixel detector
Dp are sent to a coincidence circuit with certain time gate for
counting the joint detection of the two-photon pairs.

We show here that diffraction patterns can be formed by
joint detection, and we illustrate that the formation of dif-
fraction patterns satisfies a condition analogous to the Bragg
equation with a resolution that could be as fine as the lattice
length scale of several Angstrom. Because the samples are
illuminated by low energy optical photons, they can be free of
radiation damage. The ultrabright intensity of XFELs could
be crucial for realization of the proposed scheme to ensure
sufficient two-photon flux and signal strength. Since the
diffraction pattern formation is based on photon counting, the
requirement for signal intensity is benign, we also show
that the modified Bragg condition of the proposed ghost
diffraction method can be satisfied with feasible experimental
parameters.

2. Methods

In the proposed ghost diffraction scheme, optical photons and
x-ray photons from XPDC are directed to illuminate a crystal in
the optical arm and form diffraction patterns in the x-ray arm
(figure 1). Without loss of generality, we assume that the signal
photon has an optical wavelength of A\; = \,, and the idler
photon has an x-ray wavelength of \; = A\y. The physical
mechanism of the two-color entangled ghost diffraction can be
understood from the particle nature of the optical and x-ray
photons and their position-momentum entanglement. The optical
photon of frequency w scatters with the atoms in a nanocrystal
or a molecule, and experiences momentum transfer Q, with

PB

Figure 2. Unfolded two-photon diagram of the proposed exper-
imental setup. The optical paths of the x-ray and optical photons are
effectively concatenated at position 1 or 2 on the XPDC plane,
because A(lz,, + Ei) = 0 and A(g, — p;) = 0 are fulfilled at the same

time for the two position-momentum entangled particles [16].

frequency independent Thomson scattering cross section

970) _ (1 4 cos?O)|f(G)P  provided that the optical
th

photons are unpolarized, where r, is the classical electron
radius r, >~ 2.82 fm, and f (Q) is the form factor. The elastic

Rayleigh scattering of optical photon with the cross section
PO = 1) + WP x st 4 cos?l) s
equivalent to the dispersive corrections of form factor in the
x-ray regime (see explanation in appendix A), which can be used
for the phase retrieval in crystallography [15]. For photons as
particles, the probability of reflection from an atom is in fact on
the similar order of magnitude for the optical and x-ray photons.
Without considering the molecular form factor of f(Q), we
could model the form factor of a crystal as periodic distributions
of point scatterers as f (Q) = —re(S(Q — 27réhkl), where éhkl
is the reciprocal vector with |§hk1| = ﬁ. However, for the

scattering of an optical photon on atoms, the momentum transfer
Q = 2% sin @(—cos ¢ cos @, —sin ¢ cos B, sinf), which is
proportional to the incident optical photon energy, is too small to
form interference patterns at non-imaginary reflection angles
because 0 < G- Thus, Laue diffraction requires x-ray pho-
tons of wavelength A < 2d.

In the entangled two-photon ghost diffraction, the
momentum transfer can be effectively magnified from Q to
mQ with a magnification factor of 7i ~ 103. The mechanism
of momentum transfer magnification can be understood by a
simple quantum model of the ‘unfolded’ two-photon ghost
diffraction [17] (see figure 2). In this simplified model, we do
not consider the transverse momenta of the down-converted
photons. The photon fields on detectors D, and Dp can be
written in this case as

A(+) A i A i

E, = alse‘k“’m + azse‘kl“’ﬂ

A(+) A P

EB = alie’k"ﬁl + a2ielk"l’2, (D)

where dj,, [ = 1,2, p =, i are the annihilation operators
of signal and idler photons at position 1, 2 in figure 2. The
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two-photon state | ) can be expressed as

[U) = [0) + ela,.a,;e'" + dj;as:e*2]]|0), 2)
where € is the two-photon amplitude, and we can assume
¢, = ¢, since the pump beam from an XFEL or a synchrotron
must be transversely coherent at position 1 and 2. The two-
photon interference is formed due to the uncertainty in the
birth place of the two-photon pair (either at position 1 or
2 in figure 2), and the property of the two-photon entangled
state permits the uncertainty relation A(lzs + IE;) =0 and
A(p, — p) = 0 to be satisfied at the same time [16], which
guarantees the effective operation to concatenate the optical
paths of the x-ray and optical photons exactly at the point
of their birth positions. To keep the physical picture and
expression simple for this illustrative discussion, we assume
that the refractive index n ~ 1. It is straightforward to
find the second-order coherence function Gyp ox €2 cos?

[%(”Al — ra2) + %(rBl — I’Bz)], and Bragg peak is formed
under condition

2d sin 0 + %(VBI — rp) = nA,. 3)
In equation (3), the modified Bragg condition can be satisfied
despite d < A, because the optical path length difference can
be compensated by that of the arm of idler photons magnified by

A . .
a factor S on the order of ~103. From the discussion above, we

have an effective form factor f (0) = —r60 — 27Ga),
which is able to produce diffraction patterns for reciprocal
vectors on the 1/A scale.

3. Results

To establish the magnification effect on a solid basis, we carry
out quantitative analysis of the resolving power of the pro-
posed two-color ghost diffraction method. The refraction
effect could be taken into account by employing the dyna-
mical theory of diffraction, which treats the refraction expli-
citly and results in a shift of Laue point that depends on the
refractive index of the crystal [18]. Denote the refractive
index as n(w) =1 — n’ — in”, where n’ < 0 for optical
photons, the refractive index has a relation with the electric
susceptibility n(w) = /1 + 4wy [19], and x can be deter-
mined by ab initio means for each atomic species at a given
wavelength. From the detailed derivation presented in
appendix B (equations (B.1)—(B.24)), as the optical photons
scatter off lattice planes of inter-plane distance dj; = d, the
condition for the x-ray photons to form peaks in the diffrac-
tion pattern is

2md (sin* @ — n')
Jsin? 0 + 4y

for an integer n. 0 is the reflection angle of the optical photon
from the lattice planes of a Miller index [hkl] (figure 3).
The magnification factor m is found to be (equation (B.23)

nAs, “)

Figure 3. Sketch of the proposed experiment. The lattice plane of the
sample forms an angle of § with the incident optical photon in the
arm A. The relative angle of the x-ray photon (arm B) with the pump
photon is determined from the phase-matching diagram, I}; + E,» =
Ep + G, where G is a reciprocal lattice vector orthogonal to certain
atomic planes of a nonlinear crystal; l?s, 12,- and l?,, are the wave
vectors of the signal, idler and pump fields. And z; = d; + L,

z; = D; are the optical path lengths of the signal and idler photons.

in appendix)
g —dP
(o + 1)( ) D2

m=1

&)

by
where « is defined as 3 = a*t N

the plane of the pixel detector. The magnification factor 7
guarantees that the modified Bragg condition (equation (4))
can be satisfied in the case of d < ). Note that the refraction
effect could be neglected for the coherent diffractive imaging
of single molecules, as shown in appendix C.

The two-photon coincidence counting rate of the bucket
detector A and the pixel detector B can be written as [10, 12],

and gy is a position vector in

1 INESPNERIN
= f diadisS (15, ta)ote, [ESESESVE b,

(6)

where S(z3, t4) is the coincidence gating function that van-
ishes unless 0 < 1t — t4 < T, and describes the finite time
gate of a joint detection of a two-photon pair [10]. 5, is a
position vector on the plane of the bucket detector A, which
has an area 4. And op is the area of the pixel detector B. p is
the density operator of the two-photon state on the output
plane of the nonlinear crystal. E{*, j = A, B is the positive
frequency part of the photon field, and E{” = (E{). tr [-+]
denotes the trace, i.e. coherent summatlon over pg,. R.T gives
the pixelwise number of counted photons in one joint mea-
surement. The photon fields at the plane of the bucket detector

A and the pixel detector B, E/(f) and Eé“

(+)
Z g(Kﬁh w& pAs Z_y)a_y(k_y)e m}‘tA
k,

R:(pp) =

can be expressed as

s

Zg(ﬁz, wi, Pg» 2i)di (k Yeiwis )
K,

(+)

where z;, = d; + L; and z; = D; are the full optical path
lengths for the signal and the idler photon, & is the transverse
momentum of the photon field with k = Jk? — Kk2é, + R.
&; (l? ) and d,, (E ) are creation and annihilation operators of the
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signal and the idler photon field in a specific mode at the 4000
output plane of the nonlinear crystal, with the commutator 3500 | i
G N - . [211]
relation, [ap(k) (k ) = 0p.gbuw bz i (K, w, P, 2) is the
Green’s function for a specific mode of the photon field. — A0 -
Assume two atoms in two lattice planes of Miller index [hkl] E 500 | i
with distance d = dj are in a plane a, g, is a vector in this g
plane, and the photon-atom scattering amplitude is #(3,), the % 2009 1 [110] 1
photon fields E/§+) and Ef;) at the planes of detectors can be E 1500 ¢ [220]
=
expressed as, 1boa | [200] |
"H) fd2 de —ik S aiksdspifis By ! 2d A= B 500 |
0 ; : : . ;
—iks 1. 2L AP iy (T 0 20 40 60 80 100 120 140 160 180
x t(g,) ——e""e e as(ky) 20 [deg]

2mLy

B Zfd%

—ik; eikiD; giR; pe 2D 13— Pl e—iwi iBG; (k)
®)

Using first-order perturbation theory, the two-photon ampl-
itude from an XPDC process is (equation (B.10))

(0lds (k) a; (k) [W) = —i(2m)>y6 (v + 1)
X 8(Fs + a)sinc(muﬁg), ©)

where |U) is the two-photon state vector, and 7 =

QFE,L TTc2 . . )
ST miTnTc , in which y® is the second-order suscept-
ibility of the nonlinear crystal. U; are the group velocities of

the signal and the idler photons inside the nonlinear crystal of
length L, T; are their transmission coefficients, and E,, is the
electric field strength of the pump field. {); and €); are the fre-
quencies of the signal and the idler photons that satisfy the phase-
matching condition w,n,(w,) — Qng(§l) — Qn;(§;) = 0.
Provided that the modified Bragg equation (equation (4)) and the
phase-matching condition are satisfied, diffraction patterns can be
formed from the coincidence photon count in a joint measure-
ment of the bucket detector D, and the pixel detector
Dg such that the reflection angle 6 is measured with the
detector D4, and the corresponding intensity is measured
with the detector Dy from coincidence counts on pixels of a
given radius | gg|. For the schematic configuration in figure 1, the
Bragg peaks are manifested as modulation of the coincident
counting rate at g, in the plane of the pixel detector with a
background (see equations (B.26), (B.27) in appendix)

o Y
TR

N 1
R.(Pg) = T f dtydipS (15, lA)UB(

2

. . L
1sTaA s1nc(z/sDS,- 5)

X cos? I:z—ﬂd (10)
R

d - (ﬁg - %ﬂ

where v and D,; are parameters of the XPDC process (see
1

SELS

appendix B), Dy = % - and 7py =73 — 74 With
T=1 — %, i = A, B. 1y is the Thomson scattering amplitude
of an atom in the lattice with the optical photons. And

Figure 4. Simulated two-color two-photon ghost diffraction from a
body centered cubic (bcc) crystal with lattice constant
a=b=c=42A. Optical photons of 3.1 eV are used to illuminate
the sample crystal. Miller indices are labeled for the Bragg peaks.
The broadening of Bragg peaks is determined by the Scherrer
equation (equation (11)) for a nanocrystal of 100 nm size and
refractive index n = 1.2.

R, = ’D + d, is the effective optical path length from the

sample to the pixel detector B. We assume the phase-matchlng
condition to be Qn,(€%) + Qn; () = ck,, and ignore G for
simplicity, which can be restored for a given experimental con-
figuration. The frequency of the signal field is wy = € + v,
with 7 characterizing the deviation from the central frequency €2
of the phase-matching condition, and vy = —vj;.

For realistic experimental consideration, we assume that
the entangled photon pair consists of an x-ray photon of
energy 3.1keV (\; = 4 A) and an optical photon of energy of
3.1eV ()\, = 4000 A). Nonlinear x-ray process with energy
difference of two-photon pairs on such scale was experi-
mentally demonstrated [6]. Assume the sample is placed at a
distance of lcm from the XPDC source, the reflection angle
of optical photon is measured on detector D4, and the x-ray
photon in the two-photon pair is measured by the pixels with
radius of 1 m on the pixel detector Dp placed at a distance of
10 m. In the XFEL nanocrystal diffraction experiment, virtual
powder diffraction patterns are formed for various reflection
angles. The single photons from the XPDC process have a
certain angular spread [20]. It is practically advantageous to
determine the actual reflection angle 6 by a pixel detector D,
although in an idealized setup the reflection angle can be
uniquely determined by the geometrical configuration of the
photon source and a single crystal, for which a bucket
detector D, is sufficient. The modified Bragg equation gives
the ghost diffraction pattern in figure 4. The resolution
requirement can be satisfied with the state-of-the-art pixel
pnCCD detector that can achieve 75 pum pixel pitch [1]. The
requirement for the spectral and angular resolution of the
diffractometer is determined by 24 4 cothAf =

is on the same scale as the convent10nal Laue d1ffract10n For
nanocrystals with the size L., the analogous Scherrer equation
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is found to be (see appendix D, equations (D.1)—(D.4)) e  Z 4
2\, (sin? 0 + 47my)? ."l
B = : ( - b — (1D / entangled
L.risin 0 cos 0 (sin® 0 + 4wy + ) /

. . _ ;o —
which determines the width B of Bragg peaks. As shown 0 g W,
figure 4, the width of Bragg peaks is on the same scale as E Vi
Laue diffraction and is resolvable by the state-of-the-art dif- ‘,"'
fractometer. The optical photon energy of 3.1eV may fall 3 =x
below band gap of the crystal, thus significant absorption can
be avoided. The proposed two-color entangled ghost dif- Dy > -
fraction approach could eventually achieve atomic resolution —_— €
without radiation damage. seeded @,

4. Discussion .
c

It is important to notice, as the photon behaves as a point
particle in the elastic scattering, its wavelength is irrelevant to
the effective size of the photon, thus the optical photon does
not smear out the crystal structure with a period that is much
shorter than the photon wavelength. In fact the wavelength
and the size of a quantum object reflect its wave-like and
particle-like natures respectively, and should be distinguished
one from another. It is known that the intensity of Bragg
peaks should be reduced due to the dynamic structural factor
S(0, w) by a factor of exp { —3{10 - iz(1) — iig(ODP)r }
[21], where i3(¢+) and #5(0) are the displacement vectors
around O and R, and R is the lattice vector, (--+)r denotes the
thermal expectation value. Due to the small momentum
transfer Q, the reduction of Bragg peak intensity in the
entangled ghost diffraction is substantially weaker than that of
the x-ray Laue diffraction.

Because the frequency of the optical photon is much
lower than the x-ray photon, w, < wx, the experiment would
suffer from strong absorption due to scattering of photon with
bound electrons. Thus the optical photons in the vacuum
ultraviolet regime is not favorable for the proposed ghost
diffraction method. The entangled ghost diffraction scheme
using optical photons to interact with the crystal could also
potentially suffer from the skin effect when the samples are
good conductors like copper, which has ~3 nm skin depth for
optical photons in the visible and ultraviolet regime, and
optical photons can only penetrate several uppermost lattice
planes. In this sense, the proposed ghost diffraction scheme is
suitable for diffractive structural determination of insulators,
some semiconductors and proteins, which should have poor
conductivity. For good conductors, our method is limited to
the cases of thin and homogeneous samples, and the study of
surfaces.

In order to achieve sufficient photon counting rate, it is
crucially important to have an entangled two-photon source with
high flux using x-ray quantum optical techniques [22]. Because
the XPDC and the sum-frequency generation processes [6] are
subject to the same nonlinear susceptibility, we can expect the
feasibility of two-photon pair production with a similar i— ratio.

i

Figure 5. Sketch of the seeded Kapitza—Dirac-like XPDC process
using single electron as the nonlinear medium. An x-ray photon of
wys3 1s down-converted to two photons of frequencies w,; and wy,, as
the electron is deflected with Bragg angle 0y in coincidence. For the
use of ghost diffraction, the down-converted photon pair can be then
spatially separated by a metal foil that reflects the optical photon.
The collinear geometry of k3 and (k,1, kx») can be loosened for more
convenient experimental setup, provided the phase-matching con-
dition is satisfied.

Consider the XPDC process wysz — wys + wy1, Which is phy-
sically equivalent to the Thomson scattering of x-rays by an
atom illuminated with an optical field, Doppler-shifted sideband
is induced by this process [23]. As elaborated in appendix E.I,
the XPDC cross section from nonlinear crystal scales as

do (2) -1
- Xuw

0 .1, and especially favors down-conversion to low
energy optical photons. Using a semiclassical treatment [23, 24],
we estimated the cross section of the instance in this work to be
~1.9 x 10° fm? (see appendix E.1), which can be comparable
to that of the Thomson scattering. We also show in appendix E.1
that the quasi-degenerate XPDC to pairs of two x-ray photons
has a cross section that is four orders of magnitude lower
than the XPDC to pairs of x-ray and optical photons. Moreover,
the strong absorption of x-ray photons by the diamond crystal
[8] and the radiation damage caused deterioration of phase-
matching condition can significantly suppress the XPDC
efficiency.

To overcome this problem, we could use radiation-hard
multilayer metamaterials to enhance quantum efficiency of
XPDC, or use compressed free electrons pulses directly as
nonlinear medium for XPDC by the three-color Kapitza—
Dirac-like mechanism (figure 5) [25]. Unlike SPDC of optical
photons, which stems from the oscillation of bound electrons
in the anharmonic potential around the atomic nuclei, the
electron motion that dominantly contributes to XPDC is the
figure-eight motion driven by the Lorentz force of electro-
magnetic field of intense x-rays, because the x-ray light has
much smaller ponderomotive potential than the optical light.
Since the figure-eight motion is in fact the same for free
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electrons and electrons in nonlinear crystal, we can use single
electrons directly as the nonlinear medium for XPDC. In
appendix E.2, we used perturbation theory [25-27] to find the
probability of the desired XPDC process under the phase-
matching condition I?X3 = 1201 + I?Xz as

2
v, Ey1 Exo Ex3
P(wo1, wx2, wx3) = Zzl—m S(Ep). (12)
2c Wy 1wxa wx3

In the three-color Kapitza—Dirac-like process, the electrons
are scattered as |p) — |ﬁf) = |p; £ (ko1 + kx2 + kx3)).
0(Ep) = 6(p? / 2 — pl.2 / 2) ensures the energy conservation of
the electrons, and v, is the initial velocity of the electrons
along the z axis. With electric field intensity I ~ 10'8 W cm~2
which is well below the QED critical intensity, and moderate
electron velocity in non-relativistic regime, the XPDC prob-
ability could reach 1073,

5. Conclusions

In conclusion, we have theoretically described a mechanism
to realize diffraction with atomic resolution by two-color
entangled ghost diffraction. Because the sample is irradiated
by photons of optical wavelength, the proposed scheme can
be free of radiation damage by x-ray photons. In principle the
proposed scheme could be applied for single molecules to
determine the molecular structure using phase retrieval tech-
niques of coherent diffractive imaging. Moreover, achieving
resolution on a much smaller length scale than the wavelength
of the illuminating photons using entangled state of particles
opens up the possibility for future development of quantum
optics based imaging techniques using various types of
entangled particles, such as entangled photon-electron, elec-
tron-electron pair or electron-anti-neutrino pair from (-decay.

Acknowledgments

We thank the Hamburg Centre for Ultrafast Imaging for
financial support. We thank Anton Classen, Todd Martinez,
Jochen Schneider, Nina Rohringer, Ivan Vartanyants, Ralf
Rohlsberger, Robin Santra, Oriol Vendrell, Jerome Hastings,
David Reis, Shaul Mukamel, Lida Zhang, Xiaolei Zhu, Tao
Peng, Liangliang Shi, Kareem Hegazy, Matthew Ware, Anton
Classen, James Cryan, Matthias Fuchs and Andreas Kaldun
for commenting on various aspects of the study. We are
grateful for Sharon Shwartz and Christina Bomer for private
communication and data of the on-going experiment of
XPDC to entangled x-ray and optical photon pairs. ZL is
thankful to the Volkswagen Foundation for the Peter Paul
Ewald-Fellowship. Partial financial support from the Czech
Ministry of Education (Grants LB15013 and LM2015083) is
acknowledged by NM.

Table 1. Symbol table.

Symbol Explanation

R, Counting rate of joint photon detection

[T) Two-photon state

P Density operator of the two-photon state on the output
plane of the nonlinear medium

E:r) Positive frequency part of the quantized photon field on
the plane of bucket detector A

EA;H Positive frequency part of the quantized photon field on
the plane of pixel detector B

EAff) Negative frequency part of the quantized photon field
on the plane of bucket detector A

El(;ﬂ Negative frequency part of the quantized photon field
on the plane of pixel detector B

a;a? ) Photon creation operator for specific mode k and
channel p, p = s, i

ép(E ) Photon annihilation operator for specific mode k and
channel p, p = s, i

k Wave vector of the signal photon of optical wavelength

];,« Wave vector of the idler photon of x-ray wavelength

ky 1K

ki Ik

Ky Transverse momentum of the signal photon

R Transverse momentum of the idler photon

0 Momentum transfer of the photon—atom scattering

As Wavelength of the signal photon

Ai Wavelength of the idler photon

Ba Position vector on the plane of bucket detector A

Pg Position vector on the plane of pixel detector B

2, Position vector on the crystal plane of specific Miller index

b Position vector for the signal photon on the output
plane of the nonlinear medium

By Position vector for the idler photon on the output plane

. of the nonlinear medium

d Distance vector between two atoms in the crystal plane

_of specific Miller index

d |d|

dy Distance from the output plane of the nonlinear med-
ium to the lattice plane of the crystal

Ly Distance from the lattice plane to the bucket detector A

D; Distance from the output plane of the nonlinear med-
ium to the pixel detector B

R, d, + i—iD,-

Zs dy + Ly

Zi D;

wy Frequency of the signal photon

wj Frequency of the idler photon

Q Central frequency of the signal photon subject to phase-
matching condition

Q Central frequency of the idler photon subject to phase-
matching condition

Uap Joint photon detection amplitude

V(3 pgp)  Interference kernel in the joint photon detection amplitude

G(al, B el

) Difference of optical path lengths

0 Reflection angle of the optical photon from the crystal

U Photon—atom scattering amplitude

m Magnification factor

L(0) Line shape of Bragg peak with reflection angle 6

L. Length of a nanocrystal
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Appendix

The appendix is divided into the following sections.
Appendix A explains the correspondence of the Thomson and
the Rayleigh scattering in the x-ray and optical regime.
Appendix B describes the derivation of the modified Bragg
equation (equations (4) and (5) of the main text). Appendix C
illustrates a simple kinematic description of Laue diffraction
for the completeness of the theory presented in appendix B. In
this section, we also present a Gedanken experiment of
coherent diffraction imaging from a two-electron hydrogen-
like molecule. Appendix D treats the broadening effect of
Bragg peaks and derives the modified Scherrer equation.
Appendix E elaborates the estimation of XPDC efficiency for
the two proposed schemes, the one using diamond crystal and
the another using single electron as the nonlinear medium.
The symbols used in the appendix are listed in table 1.

Appendix A. Thomson and Rayleigh scattering in the
optical and x-ray regime

In this section we elaborate the correspondence of Thomson
and Rayleigh scattering in the x-ray and optical regimes. We
show that the frequency independent Thomson scattering
stays intact for both regimes, and the frequency dependent
Rayleigh scattering in the optical regime is equivalent to the
dispersive corrections of form factor in the x-ray regime.

We apply the Hamiltonian for photon-electron interaction
under velocity gauge [19]

27h
fp==S30 |72 [ar Vo -
m k >

+ ¢ &gae*i”)\if(?)]@(f)
“ 2
Ay, = e f &r i)

mV g

% (g*'\;? ﬂkr + 2 H"T?elkr)

X (¢dgie*' T + 2 &I e KT (A.1)

for the p - A and A? type interactions respectively. & and
a™ are the field operators for the electron and photon fields.
k , w, € are the momentum, frequency and polarization vector
of the photon. V is the quantization volume.

The A? type interaction from Hj, describes the Thomson
scattering [19]. Assume the initial and final states are

1) = I‘lfa> IN)

|F)=—IW)a.

LN =),

A2
\/— (A2)

where |V) denotes the Fock state of the photon field and |¥,) is
the electronic eigenstate of the molecule. Note in the sum-
mation Mg g oA(€*al e 4 Eal e"”) (&'ajr2e™7 +

ér*al, e k7 for k =k, ky, k' =k, kf, the terms of

nonzero contribution to the transition is [ak ;alj +
i 6

dgﬂ ag-1ei®—k)7  The transition matrix element can be
rer

calculated as

rhe? (& - €f)
My, = —f<N _

mV  [wiwy
+ 5;/,;_52/.&] |N> f B (Wb @bk P,

AL AT Aa
ag,, 124}, g,

27rﬁe € -

f(o) (9}
m e (A3)
where the form factor is
FO0) = [ & (¥ @) )0
= [ @ p@re? (A4)

for Q =k — Ig} Fermi’s golden rule gives the elastic
Thomson cross section for w = w; = wy

Jdo — 27” S IMpP S (i(wy — w)

ky
- 2%(2‘7/?)3 - k%|M122|l5(u{f - W)
2h7T (2‘7/r)3 3 thfdwfwﬂMIleé(wf - i)
2,; (2v)3 o uf; Rl
g—g = %Wlmlz

4
e = S5 o
= _IfOQPY 1% - 2P

m-c %

= 2| f© @P%u + cos?0),
(A5)

where J = ¢/V is the normalized photon flux per unit area
and unit time. Thus the Thomson scattering remains the same
for optical and x-ray photons because it is independent of the
photon frequency.

Next we show the equivalence of Rayleigh scattering in
optical regime to the dispersive correction of form factor
f'(w) + if"(w) in x-ray regime, such that the complete form
factor is £(0, w) = fO(Q) + f'(w) + if"(w). In the x-ray
regime, the dispersive effects are used as a solution to the
phase problem in crystallography [15, 28].

The Rayleigh scattering is described by the second-order
interaction of p - A type. The corresponding transition matrix
element is
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My = Znhe ! (¥, |f d*r\I/(r)e*‘kf’ . 2}"\11(?)|\I/,> ! -
mV  Jwiwr E, — E. + hw; + ie
x (wl [ dquf<?>elif'?ﬁ ()L
+ (W) [ ErbE)etTp - b))
1
X
Ea — Er — ﬁwi —
x (@) [ @rieh - bl |
27rhe
[f( ) + if" (W, (A.6)
where |U,) are the virtual states for the second-order transition. ~we can write equation (A.7) in a simple form
The dispersive corrections follow the standard definition in
i . . . 2rhe? _ — 2
xray.physms by decomposmg. the.termslm the ll)rac.ket of My, ~ whe E}a?}‘ i Wﬁe;}qaff T (A.9)
equation (A.6) using the identity e Pr; —imd (x) mVw w

[15, 19].

It can be shown that the matrix element of p - A interaction
(equation (A.6)) relates to the classical Rayleigh scattering cross
section in the optical regime, which has the (w/wg)* dependence
on the photon frequency. For this purpose, we reduce the model
to a two-level system such that the classical natural frequency
wq can be defined through hwy = E, — E,, and assume dipole
approximation el ~ 1. Since w < wy, we make expansion

: : =—+;+

wo+w wo — w
equation (A.6), the matrlx element reduces to

-, and insert the expansion into

{ (Wl [ Erb@p - e

mV
x gl [ @rbep - abew)
wo
+ (wl [ Srb@)p - @b
< [ rp a\if(mw}

27Te w
mV w

{ (Wl [ Er@p - 7pbE)
x () [ @rbe)p - abe )
wo

+ ([ Srb@)p - @@

L) [ #riveyp - i) |%>} F o AT)
0
Define the polarizibility tensor [29]
a é f 2 Z <‘1/a|pllpr> <\I/r|p|\1/a> , (A8)
h Wg — Wy

—

We take constant polarization approximation that a= ap 1,

and equation (A.9) gives
2rhe’a . 2rheayw
My~ = R (@ ) + (@ ) -
mVw mVwy
(A.10)

Without considering interference between the two terms in
equation (A.10), it gives the Rayleigh scattering cross section of
second-order p - A interaction in the optical regime, and recall
its form in the x-ray regime in equation (A.6),
2,2
P
mc*h

= [ (1+—)]l(1+00329)
wy) |2

=r2If'(w) + if" (W)

From equation (A.11) we could conceive the usage of Rayleigh
scattering in the entangled optical x-ray ghost diffraction, as it is
applied to the phase problem of x-ray crystallography.

(A.11)

Appendix B. Modified Bragg equation for two-color
two-photon diffraction

We assume paraxial approximation for the wave vectors of
modes |k) of the photon field, k = Vk* — k?é. + R, with
k= % > k and K = (ky, ky, 0). The two-photon coincidence
counting rate of the bucket detector A and the pixel detector
can be written as [8, 10, 12],

1 A(5) ) A A L
= f diydipS (15, ta)ogtr [BS By Ey BV p,

(B.1)

Rc (;BB) -
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where S (13, t4) is the coincidence gating function that van-
ishes unless 0 < 75 — 74 < T and can be approximated as a
rectangular function, g, and p, are vectors on the plane of the
bucket detector A with an area oy, the plane of the pixel
detector B with an area op respectively. p is the density
operator of the two-photon state on the output plane of the

nonlinear crystal. E]m, j = A, B is the positive frequency

part of the photon field, and E]( (E(H)T And trj[-]
denotes the trace and coherent summation over g,. We
compute the photon fields at the plane of the bucket detector
A and the pixel detector B, EAIL(‘ and E;Jr) S,

A(+) - - A TN a—iw
EA (/iw kc’ Pas Ts» Wss tA) - Z g(’i.w Wss P4 Z‘v)a‘v(kx)e 1wsta

ks
~ ()
EB (K;l’ kh sz iy Wi, tB) Zg(ﬁl’ Wi, sz Zl)a (k )e lu),ts
b (B.2)

where z;, =d; + Ly and z; = D; are the full optical path
lengths for the signal and the idler photons. d; (12‘ ) and d, (E )
are operators of signal and idler photon fields in a specific
mode at the output plane of the nonlinear crystal, with the
commutator relation,

[&p(]?)a &;(El)] - 61),q6w,w’6?£,,?é’~ (B3)

g(R, w, p, z) is the Green’s function for a specific mode of
photon field.

Assume two atoms in two lattice planes of Miller index
[hkl] with the distance d = dj are in a plane a, g, is a vector

in this plane (figure B1), and the photon—atom scattering

A A(H)

amplitude is #(g,), E, ~ and Ep ~ can be written as [12],

A Al
EA - E (Kﬁs’ kb? Pas Zss wu tA)
= fd2 f d2~ - elk d iR sy
K,
_ 2
X e Zd |ﬂa Ayl t(—* )_ ik Lse 2L |/}A ﬂ|
Tl
x e i (ky)
NGO (+)
EB = (HI’ kls pB3 Zi» Wi, tB)

ZdeH —ik i 1kD,em peZD 17— /’8|
1;‘ 27TDl'

x e Wit g, (k). B.4)

B
Denote G (|@], 3) = ei21aF,
transformation is

fdzaG(lal B)eiia _1? [| I _5)

its two-dimensional Fourier

(B.5)

! s
P, Ar

Figure B1. Proposed layout for two-color two-photon ghost
diffraction using entangled x-ray and optical photon pair. g,, gg, g,
B, are vectors on the planes of the bucket detector A, the pixel
detector B, the x-ray PDC source and atoms in the sample. The path
of the optical photon in the arm A is labeled by blue lines, with the
distance d; from the XPDC plane to the crystal plane and the
distance from L, to the bucket detector A. The path of the x-ray
photon in the arm B is labeled by green line, with the distance D;
from the XPDC plane to the pixel detector B. k,, k, and k; are the
momentum vectors of the pump, the signal (optical) and the idler
(x-ray) photons.

The photon fields E/(;r)

A(Jr)
- f dzpa .

% ei?{yﬁa G(l_/%rl , —

A ()

and Ey * can be then written as

S ks
Bals Z
d

_S)ei(kszswstA) &X (Ey)
k

N

)G(Ipa

£y ZG(ImI f_) Wilpeilkii e, (). (B.6)
With equation (B.6), we can obtain explicitly the second-
order coherence function in equation (B.1),

A A o
GABftrp [EA EB EB EA

=\ e
2
= | f &5, Ups

where |U) is the two-photon state vector, and Uyp is the joint
photon detection amplitude. Without loss of generality, we
ignore here the reciprocal lattice vector G of the nonlinear
crystal, which can be added for a given experimental con-
figuration. Suppose the phase-matching condition is satisﬁed
for w,np,(wp) — Qung(Q) — Qn;(€) = 0, with K; =
deviation from the central frequency w; = {); + v, ] =, .
Frequency and spatial filtering guarantees v; < ); and
kj < Kj, thus we have

) )
ki=Fr; + K+—+ — — —|é;
c 2Q;c 2K

Pl

INEEPNEE 2
I ) |

, (B.7)

—£, and

(B.8)
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Taken equations (B.6) and (B.7), we have

eilKszst+Kizi— Q14— Qitp)

Usp =
AL

S & (Bas Vor R o (Bys v 7) (018, (Ky) i (ki) )
Ky ki

.;ei(’(iz,’* Q14— Q1) U'.

iAgLg

|

(B.9)

Using a first-order perturbation theory, the two-photon
amplitude from a PDC process is shown to be [12, 30],

(0la, (kg a; (k) 1) = —i(2m)>y8 (v + ;)

. L
x 6(Rg + /%',-)smc(z/xDs,E), (B.10)
X( )E L

QO T, T; 2
500 | o , D = a —, U, and U; are the

group velocity of the signal and the idler photons inside the
nonlinear crystal of length L y® is the second-order sus-
ceptibility of the nonlinear crystal, U; is the group velocity of
the signal and the idler photons inside the nonlinear crystal of
length L, T; are their transmission coefficients, and E,, is the
strength of the pump field. Using the relation

where v =

> (27r>3f = <2w>3 "
dk,. -
x fdw dws (27r)3 fd fdyg, (B.11)

A /T C .
as(ks) - _as(ﬁsa Vs)»
Q

(B.12)

where V,, is the quantization volume. We can write U’ in
equation (B.9) as

U'=—i@2m) 3y f dugei””"/‘sim(ugl)gi%) f &3,

b

d,
x G||Ryl, —= |ei®hr(3) G| 15,], == =
(I [, ks) (B, (Ipl L |24l L
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X e L H,ﬂAelezs
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xr(pa)G(IpaI Lx) (lpAl L.Y)
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iK,
Ael SZS’
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X e L/

(B.13)

where Tgp =T — T4, T=1; — %, i=A, B, and r; are the

full lengths of the optical paths. Define the effective sample-
to-pixel detector path length R, = d; + /D,, the integral I

over transverse momentum K, in equatlon (B.13) can be
rewritten as

o= [@rGlia, [ 2+ L jenam
(271')3 k,’ ks
1 27 L 1
= Vo, 2 O Pl 5
i k: k, ks
11 K
_ Gl|B, — Pal, f— ,
27 iAR, (lp" Pl RS)
(B.14)
because—+—_ (DA—&—dA)——(D +d)—£

The amphtude “for JOlIlt photon detectlon at the bucket
detector A and the pixel detector B is then
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gl
ASLS
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(B.15)

where V (g,, pp) is the interference kernel of the joint photon
detection amplitude U,p that characterizes the formation of
the two-photon diffraction pattern. We now consider the
scattering of the optical photon with the atoms in a lattice by
integrating over g,, and the collection of optical photons at the
bucket detector A by integrating over g, in the detector plane,
because the bucket detector collects photons without distin-
guishing their actual position. We expect that diffraction
patterns can be formed on the image plane of the pixel
detector B, with intensity / (g,) and joint photon counting rate
R.(Pp) at Py

2
1(3y) = R.(Bp)T ~ ‘ f 3,V (B, Bp) (B.16)
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To obtain the analog of Bragg equation for the two-color
two-photon ghost diffraction, we consider two optical paths
A and A, of the optical photons that scatter with two atoms in
adjacent lattice planes with distance d = dj, (figure B1). For
optical path A;, we have

LY =L,
RV =d, + iD, =R,
As
V=d,+ D; =z, (B.17)
and for optical path A,

LP =1L,
R® = (d, + 26) + %D,- =R, + 26
2P =(d, + 26) + D; = z, + 26, (B.18)

where ¢ is the optical path difference of the reflected optical
photon. The refraction effect could be taken into account by
employing the dynamical theory of diffraction, which treats
the refraction effect explicitly and results in a shift of Laue
point that depends on the refractive index of the crystal
[18]. Denote the refractive index as n =1 — n' — in’,
where n’ < 0 for optical photons, the refractive index has a
relation with the electric susceptibility n = /1 + 4y [19],
and y can be determined by ab initio means for each atomic
species at a given wavelength. The optical path difference

dsi0—n"_Note that the
Jsin 0+ dry

refraction effect could be neglected for the coherent
diffractive imaging of single molecules, as shown in
appendix C. Thus the effective two-photon joint detection
amplitude consists of contributions from the two optical
paths, V(ﬁA’ ﬁB) = V(l)(ﬁA’ ﬁB) + V(z)(ﬁé’ ﬁB)’ and t(ﬁa) =
D@ + 1P@) = vol8(@) + 6@, —d)), where d =
(d, 0). We write V(3,, pp) and V@ (B,, p,) explicitly as
Poe

K K
= o, =Gl 18a|, ==
2R, (lpAl Ls) (|PB| Rs)

WoeikiGrt28)
2miA, (R, + 26)

K, K,
x G| 13, = —
(|PA| Ls) (|PB| R, +2(5)
x 1 G| |d|, K, LI
L, R, +26
p Pa
e ()}

could be then expressed as § =

Kz
VO@y, By =

V(z)(f"A’ Pg) =

(B.19)

Define W) (p,) = fdz,"o'A V)(B,, pg), we have

Ly . K,
Wz — Yols iz 15 s
(Pp) 27R. |95 R,
iK,(z5+26) Kb s
W) = =01y, S Je e ™
2miAg(Ry + 26) R,
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i ( R)ldl ||

X e 2
/)3 d -
_ K d 1 Ksi.
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X e 2R,

Take far-field approximation § < R, that is similar to the
treatment of Laue diffraction (see appendix C), we have

(B.20)

2 _ 2 >
W (Bp) " = ’fd P1V (Bys Pp) ‘

(woL ) 24 i (0P ~27yd)
27

- 7&' 2
ik, 2601~ 1Pe=dl
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X e 2R}

+ c.c.}. (B.21)

Analogous to the procedure in appendix C, we obtain the
modified Bragg equation for two-color two-photon ghost
diffraction from equation (B.21) by requiring the §-depen-
dent phase to vanish, i.e.

— _32
k|2o[1 - e\ op
2R

s 20 ) P 32
Zd(sln L) P [
1 dy )\,‘

Vsin® 0 + 4mx 2(5,_ + Z) D} (B.22)

with an integer n. Define the magnification factor 7 as
- 3o dPR
m= n’:l(HB, da dS9 Dia >\[, )\S‘) =1- M
2(2— + i—) D?

(B.23)

The modified Bragg equation can be then written as

2md (sin? @ — n')

\sin? 0 + 4wy

n\s, (B.24)
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(a)

(b)

Figure C1. (a) Optical path diagram for Laue diffraction. O and O’ are the positions of the atoms in adjacent crystal planes, 6 is the reflection
angle, and ¢ denotes the optical path length difference. (b) Momentum relation of Laue diffraction. A is the optical path length of the incident
and scattered photons along their momentum vectors, and g is the momentum transfer.

which reduces to the form 2sid sinf = n),; for n ~ 1, i.e.
n’ <« 1 and y < 1. Provided that the modified Bragg con-
dition is satisfied, and define g; = (x, 0) and d= (d, 0) for
simplicity, we find

2
WEE = | [ @5V @G ) |

(sl 9]

TR,
which forms a broad and flat background. Using equations
(B.1), (B.7), (B.15) and (B.25), we reach the final equation
for the counting rate of joint photon detection

27
ARy

R.(Py) = f didtsS (tp, 1) 2
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Equation (10) can be simplified using the relation
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and the counting rate of joint detection can be written as

M 2rect ZTAB
DxiLAsRs DxiL
d

B.27)

. 1
R.(Pg) = T f dtydipS (1p, tA)UB(
X Ccos2 Z—Wd(x —
AR

Appendix C. Kinematic description of Laue
diffraction

_)]

2

In appendix B, the modified Bragg condition for the two-color
two-photon ghost diffraction is obtained from a kinematic
scenario. Here we show the conventional Bragg equation can
be obtained from similar procedure for the Laue diffraction
with monochromatic x-ray beam.

According to the Huygens principle, a light wave that
passes the plane z = 0, and arrives at the plane 7 = A can be
described as

E(x,y, A) = fdkxdkyei(kxx+ky,V)eik;A]:[E(x’ y, 0)]

_ f dkydkyitkee i) gid ek E (k. k,. 0)

kP 4k}
2%

in| k- .
~ f dkydk it the [ ]E(kx, ky. 0)

A ki ki
1A[ — 2k. ] o
=F e E(ky, ky, 0)}
=E(x,y 0)® Py, A),
(C.1)
where P(x, y, A) is
. [kf+k»3]
P(x, y, A) — ffl{eiAke 2k }
alkA k(2 4y?)
_ ke AT (C2)
27A

The physical scenario of equation (C.1) reflects a typical state-
ment of Huygens principle, that (a) the Fourier transformation
on the z =0 plane makes a map to the momentum space
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E(x, y, 0) — E(ky, ky, 0), (b) each Fourier mode E (k,, k,, 0)
corresponds to a sub-source that travels as a plane wave
eikxthy)eik:A 1o the z = A plane, and (c) an inverse Fourier
transformation on the 7 = A plane gives the image E (x, y, A).
For Laue diffraction, we follow a standard treatment by con-
sidering two optical paths 1 and 2 for photons that scatter
off atoms in two lattice planes (figure C1(a)). Assume the photon
scatters off the two atoms O and O’ with amplitude
1D = ho6(x — d, y, 0) and +@ = 146 (x, y, 0), and denote
6 = d sin 6, we have

El(x’,Y» A):¢0®P(x—0,y— d, A)
_ikwoeikA
27 A

sk 2o 2
ele[X +(y—d)’]

Ey(x,y, A) = F e”“'é[f d'dye 1k Do (o, o>]

|

2(A+26)

k§+kf

. —i(A+9)
x elk(A+6)a

ikgoeitA ) W)

2w (A + 26) (C.3)

Thus the intensity of diffraction pattern / (x) at the detector plane
is given by

Ix) =|E(x,y, M) = |Ei(x, y, A) + Ex(x, y, A
ko 1 1
( ){A2+(A+25)2+A(A+6)

(—d)y?

A

32
- A+26

Je

x[e[

+cc]}

~(52)
27
(C4)
For far-field diffraction A > 26, we have
L~ A12 {2 + 2cos [)\—[(x —d)? —x?] — 2%26]}
2 27
1+ —d(d — 2x) — —26
A { cos[)\ ( X) 3 ]}
2
= (i) cos? [Ld(x — 1) - z25],
A AA 2 A
(C.5)

using the relation 1 + cos o = 2 cos® 7.
The Bragg condition is obtained by requiring the
O-dependent phase in equation (C.5) to vanish,

26 =2dsinf = nA. (C.6)

We obtain the diffraction pattern on the detector at the dis-
tance A from the sample,

I(x )_( 1/,0) cos? ld(x - i) , (C.7)
TA AA 2
with a period a = %.

Meanwhile, we show that the kinematic description is
consistent with the description of Laue diffraction in
momentum space. The form factor f (Q) is the Fourier
transformation of the charge distribution. For simplicity, we
model the atoms as point charges, thus

7(0) = f AP0 [§(F) + 6(GF — d)] = 1 + ¢, (C.8)

and the intensity of diffraction pattern is

I~ |f(O)P =2(1 + cosQd) = 4cos? % (C.9)
From figure C1(b), we can find that sin § ~ ﬁ and
2 27x
— 2k|sing ~ 22 X _ 2T C.10
=10 al A 2A AA ( )

Taken equations (C.9) and (C.10), we obtain the intensity of
diffraction pattern

~ If(O)P = 4cos? [ T4
I(x) ~ |f(O)] 4 cos ()\Ax), (C.11)
with a period a = 222 " which is consistent with equation (C.7)
from the kinematic description of Laue diffraction.
Intriguingly, the kinematic description of diffraction can be
directly used for a Gedanken experiment, which could reveal the
essence of the proposed ghost diffraction effect and the origin of
the subdiffraction limit resolution. The ghost diffraction relies
essentially on the optical Thomson scattering from the atoms in
molecules and crystals. Consider the Thomson scattering from a
hydrogen-like molecule with two electrons and bond length R of
several ;\ngstrom, it is equivalent to the coherent diffractive
imaging from this molecule [15]. Assume the incident light has
an optical wavelength A, and \/2 > R, the wave vectors of the
incident and the scattered wave are k and k', for simplicity,
the polarization is perpendicular to the (12 k! ) plane, and we
take electrons as classical point charges in the simplest
case. As shown in appendix A, the expression of Thomson
scattering cross section remains intact at optical wavelengths.
The wave vector transfer of elastic Thomson scattering is

|Q| |k’ — k| —sm& and the scattering amplitude from
the two-electron molecule can be written as

A(Q, R) = —re(1 + ei@F), (€.12)
and the intensity is thus (0, R) = |A(Q, R)P =

2r22[1 + cos(é . ﬁ)], where r, is the classical electron radius.
Because the scattering amplitude A(Q, R) is a function of bond
length R, it carries in fact the structure information of the
molecule below the diffraction limit. The actual problem is that
for O = 47” sin @, no diffraction peak can be formed from the

intensity distribution / (Q, ﬁ) as a function of the scattering
angle 26, thus it is impossible to acquire the bond length R from
observables of measurement of first-order optical coherence. In
this sense, the essence of the ghost diffraction method is to
extract the quantity R with the entangled x-ray photon and the
corresponding measurement of second-order optical coherence,
as described in equation (3) of the main text. Note that a
more realistic treatment to consider the electrons as quantum
particles results in an atomic form factor in the expression of
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intensity distribution (0, R) = 2|f(O)|*[1 + cos(O - R)].
For hydrogen-like wave function ¢ () = %e*’/ 4. we have
a
_ 1

FQ = geme
and Z' is the screened nuclear charge. The conclusion from the
classical point charge electron model remains intact—Thomson
scattering at optical wavelength can carry atomic scale structure
information and give nonzero intensity at the detector plane.

where a = ay/Z’, ay is the Bohr radius

Appendix D. Broadening of Bragg peaks

Analogous to the Scherrer equation, we calculate the width of
the Bragg peaks of the two-color two-photon ghost diffrac-
tion, which determines the resolution of the proposed scheme.
It is especially important for the application of XFELs to the
diffraction of nanocrystals with a finite size. Supposing a
nanocrystal of length L. that contains N lattice planes with
inter-plane distance d, such that Nd = L., the accumulated 6-
dependent phase for the diffraction from N atoms can be
calculated using equation (B.21) as

r@=> e 2R
p=0
N—1 _
= Ne' 2 K@) sinc[%Ks(Znﬁé)], (D.1)
where § = %. Thus the line shape £(6) of a Bragg

peak at a reflection angle 0 is

L) =T2) = stincz[%Ks(Zmé)]. (D.2)

The width of the Bragg peak can be then found through zeros
of the line shape function as

|
(D.3)

Defining the width of the Bragg peak as B = 2A#, we find
2),(sin 6 4 4m)?
L.risin 0 cos 0(sin? § + 4wy + ”7/)

N

2

2#id sin 0 cos 0

!
E— (sin29 + 4y + %)]AG =2m.
s~ 0 + 4my)2

B =

(D.4)

The factor ’\; in the width of Bragg peaks guarantees that the
two-color two-photon ghost diffraction will have a similar
resolution as the Laue diffraction, i.e. on the atomic scale.

Appendix E. X-ray parametric down-conversion
(XPDC) through nonlinear crystal and single
electron

In this section, we present details of the two proposed
schemes for XPDC using conventional nonlinear crystals or

single electron as the nonlinear medium. We also present an
estimation of the efficiency from experimental consideration
for the XPDC of an x-ray photon of frequency wy; to a pair of
x-ray and optical photons of frequencies wy, and w,;. Both
schemes rely dominantly on the figure-eight motion of elec-
trons turned by Lorentz force. For the nonlinear crystal based
XPDC, the phase-matching condition relies critically on the
well-defined lattice vectors of reciprocal space, thus the
structural damage to the crystal inevitably causes deteriora-
tion of the XPDC process. Moreover the conventionally used
crystals, like diamond, can strongly absorb the photons and
substantially suppress the XPDC efficiency [8].

In contrast, the XPDC using free electrons and Kapitza—
Dirac-like scattering could have the advantage of being free
of damage to the nonlinear crystal by the intense x-ray light
and strong absorption of the photons inside of the crystal
medium.

E.1. XPDC using nonlinear crystal

To obtain an order-of-magnitude estimation of the XPDC cross
section by nonlinear crystalline medium, we use a semiclassical
formalism to calculate nonlinear response functions for x-rays
[24]. For electrons in the atom with density p and velocity V/,
we apply the equation of motion and continuity condition

8—v+(vﬁ)vz—i(ﬁ+iﬂx§)

ot m c

o e

— 4+ V- (pV) = 0. (E.1)
ot

Under perturbative expansion p = p@ 4+ p(0 + p@ ...,
V=vO 4 5@ 4 ... andJ = 7O 4 j(2)+~--, we obtain the
second-order nonlinear current for a general XPDC process

w3 — w; + wy

22 — -
TP (ws) = pOF® 4 p0pMh

2 E; x (ky x E (E\- V)E
p(O)e_2|: 1 X (ky X E) 4 E 2V) 2]
m wiwr w3 wiws

ie2 (Vp - Ey)E
41 (Vp - E)E,

m2 w12w2

+ terms with interchanged index
(E.2)

where the second term vanishes in the case E] 1L EZ,
since (B, - V)E, = (E, - ky)E, = 0.

We now consider the XPDC of a hard x-ray photon to a
pair of x-ray and optical photons wysz — w,; + wx,. Physi-
cally this process is equivalent to the Thomson scattering of
x-rays by an atom illuminated with an optical field, which
induces Doppler-shifted sideband [23]. Of the several terms
that occur in the second-order current (equation (E.2)) for the
nonlinear response of an atom to applied electromagnetic
fields of frequencies w,, wxz, wxs, only one is of importance
to the present instance [23, 31],

ie? (Vp - Exy)Eol

2 2 ’
m Wo1Wx2

7@
J()(wx

3) (E.3)
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where wy; = w,| + wyx», and p is the electron density of the
crystal. Equation (E.3) describes the Doppler-shifted reflec-
tion of E, from electron that is driven by the optical field E
and moving with velocity v;. For simplicity, we denote
thereafter w,; = wy, wy, = w»y, wyz = w3, the same notation
applies for the momentum k and electromagnetic fields E and
B. We expand the electron density in terms of reciprocal
lattice vector Gm that p(¥) =3, P, 07, The dominant
nonlinear current is

5 N
_ ) P * @8 i@y 184 Gy — (o on]
2 9

7(2)
J T (w3) ~ 5
%)

m

(E.4)

where ¢; is the polarization vector of the electric field Ei. In
the general case, the relation between the nonlinear response
functions R™ and the corresponding nonlinear susceptibilities
X is [24]

. c"
X (w; wi, wa, e \wy) = I T"———R™ (w5 wy, wa, W)

WiWr Wy
(E.5)
For the quadratic process, the nonlinear current is
eJ P (ws3) o R,ﬁ)(wa; w1, w2)Aj (W) Ak (w2). (E.6)

Since A(w) ~ <, by inspection the nonlinear response
function is

3
R® oc —£P (E.7)
m*ctw
The nonlinear susceptibility is thus
3 2
2 . e p au. 7t P
X (w3 wy, wa) = (E.8)
mzwfwzug k12k2k3

in atomic units, where « is the fine structure constant and r, is
the classical electron radius. The estimation of y® in
equation (E.8) is consistent with the earlier work (see com-
ment 28 in [32]). Using Fermi’s golden rule, we obtain the
differential cross section for XPDC as [24]

2 3.3
do®  wiwiwj

a0 288137

Equations (E.8) and (E.10) give the scaling of cross section
as ocl/w;, which especially favors XPDC to entangled
photon pair with a low energy optical photon. For
the instance given in the main text of XPDC
w3(=3.1keV) — w,y(=3096.9 eV) + w(=3.1eV) with
diamond crystal, we obtain Y ~ 9.1 x 10~'%2cm? StC~!,
where StC is the Gaussian unit of StatCoulomb. The XPDC
cross section is

do @

dQ

which could be comparable to the cross section of Thomson
scattering. Nevertheless, the low XPDC efficiency in actual
experiments could be attributed to the radiation damage
caused deterioration of phase-matching condition and strong
absorption of photons inside the crystal.

IX®P. (E.9)

~ 1.9 x 10°fm?> = 19 b, (E.10)

We also show here that the (quasi-)degenerate XPDC
wy — wy/2 + wy/2 [8] has cross section that is almost four
orders of magnitude lower than the XPDC to x-ray and
optical photons. In this case w3 = w and w; = w, = w/2 are
both in the x-ray regime, the dominant nonlinear current is

(())i El X (I?2 X E2)

22
TP wy) = p0=
nm

Wiwrws
~ ezp(O)Ez E1E2

5 (E.11)
m-wiwoaws

Similarly we obtain the nonlinear response function for
(quasi)-degenerate XPDC and the nonlinear susceptibility,

R® ~ _P¢
2m?c3
2e3p au. ’rp
2) ~ — e
X m2cwd k3 E.12)

Taken the experimental parameters in the earlier work [8],
w3(=18keV) — wi(=9keV) + w,(=9 keV) with diamond
crystal, we obtain Y® ~ 7.7 x 1072 ¢cm? StC~!, and the
XPDC cross section is

do @

~ 4.7 x 1073b,
dQ

(E.13)

which is lower than the cross section in equation (E.10) by
four orders of magnitude.

E.2. XPDC using single electron

The XPDC process is essentially different from the SPDC
process of optical photons in the dominant nonlinear motion.
The nonlinear currents that stem from the quivering motion of
bound electrons subject to anharmonic potential and the
figure-eight motion driven by Lorentz force has the relation

2) 2
Janha.rmonic _ A ﬂ
?2) 27
ingure-S 2md w

where d is the lattice spacing and wy is frequency of atomic
resonance, A and w are the wavelength and frequency of the
driving light field, respectively. It is obvious that for x-rays
with w > wy, the nonlinear currents have the relation
T amonic < Jiure.g- The electrons in crystal behaves in fact

similarly as quasi-free electrons in the x-ray field, and follow
the figure-eight trajectory [33, 34]

a2

S
8k(1 + a2/2)

a
k1 + a*/2
as it is driven by a monochromatic x-ray field, where x and z
are the propagation and polarization direction of the x-ray

n2o

cos ¢,
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light field, a = é is the amplitude of dimensionless vector
potential of the hght and ¢ = wt — kx is the phase. Note
that the phase is actually proportional to the proper time of the
co-moving system, ¢ o 7, but not the time ¢ in the lab system,
thus harmonics of all orders can appear from the figure-eight
motion. Based on the observation above, it is clear that the free
electrons can directly play the role of the nonlinear medium
without the anharmonic bound potential provided by atoms in a
crystal. Thus we could use the beam of single electrons for
XPDC, as depicted in figure 5. A linearly polarized x-ray field
(wxs3, ky3) propagates from the right along the x axis, while two
seeding fields (w,1, k,1) and (wy;, kx;) propagate from the left
along the x axis, and w,; + wx» = wx3, ko1 + kx2 = kx3. The
electric fields E,;, Ex,, Ex3 are polarized along the z axis. The
figure-eight motion of the electron in the fields of E,; and
Ex, creates polarization along the x axis Pf) (wyz) =
XECZZ)Z(WX3§ Wo1, wx2)Ey1 :Ex», .. Meanwhile the x-ray field of wy;
induces polarization P{"”(wy3) = x(wxs; wy3)Exs. The two
wave mixing of P (wy3;) and P@ (wy3) induces the effective
grating for diffractive scattering of the electron with Bragg angle
sinfp = Lol (figure 5), where ,; is the initial momentum of the

electron [35] From the perspective of nonlinear optics, this
three-color Kapitza—Dirac-like scattering is an XPDC process, in
which the electron absorbs an x-ray photon of wy3, converts it to
a pair of photons with w,, wy, and changes the momentum by 2
kx3 for momentum conservation. Since we use photons of fre-
quencies w,; and wy, as seeding photons, we could eventually
identify the entangled photon pair from XPDC by coincidence
with the deflected electron.

In the following, we present a quantum-classical approach
[27, 33] to obtain the probability of the three-color Kapitza—
Dirac-like XPDC process wy3; — w,1 + wx;. For the electron
that scatters from the effective grating and transitions from
the initial state |p;) to the final state |p,) = |p, + 2kiz), we
calculate the periodic stationary potential of the grating and
obtain the transition probability. Similar to E.1, we denote
thereafter w,; = wy, wyr, = wy, wyxz = w3, the same indices
apply for the momentum k and electromagnetic fields £ and B.
For the mixed waves, the electric field E = (0, 0, E(x, 1)) is

E(x, t) = E;cos(wit — kix) + E> cos(wat — kox)

+ E5cos(wst + k3x). (E.14)

Faraday’s law V x E = _ 108

c Ot
B = (0, B(x, 1), 0) with

B(x, t) = Ejcos(wy — kix) + Ep cos(wat — kpx)
— E5cos(ws + k3x).

gives the magnetic field

(E.15)

The classical equations of motion of the electron in the
electromagnetic field are

(E.16)

2B(x, 1),
C

(E.17)

—E(x, 1) — iB(x, 1).
c

We separate the motion along x and z axis into fast and slow
components, x = x; + X, zZ =z + z,, where the slow
component corresponds to the electron motion across the laser
focus, and the fast component corresponds to the oscillation of
the electron in the light field. Applying Taylor expansion
around x, and z,, the equations of motion become

i~ £.|:B(xx, )+ xfm], (E.18)
c Ox;
7~ —E(x, 1) — xfm
Ox;
— E[B(xs, 1) + xf—aB(x“’ t)]. (E.19)
c 0x;

Note that equation (E.17) is full derivative with respect to time,
integrate it once we get

E . E, .
i=v, — 2[—1 sin(wt — kix) — —ZSIII(Osz — kyx)

Wi C%)

Insert 7z of equation (E.20) into right-hand side (rhs) of
equation (E.18), and integrate twice over time, we obtain the
trajectory of x (¢). We inspect equation (E.18), keeping the rhs of
equation (E.18) to the leading order of O(z,/c), the only pos-
sible terms in the bracket [---] that are independent of # must rise
from the product of second-order terms in x and the first-order

— ESiIl(LAJ3l + k3x)
“3 (E.20)

terms in i)x " because the w;t variables can then cancel with

each other due to energy conservation condition w; + wp; = ws.
We collect fast oscillating terms in ¥ of equation (E.16) that can
lead to cancellation of the time variable, that

E\E, .
¥ = ——Zsin[(w) + wi)t — (ki + k2)x,]
wic
E\E;5 .
— S gin[(ws — w)t + (ks + k)]
wic
E>E; .
— 22 sin[(wi + wa)t — (ki + ka)x,]
wrC
E>E5 .
— 225 gin[(ws — wa)t + (ks + ka)xg]
wycC
EsE, .
— 2 Gin[(ws — w)t + (ks + k)x]
ws3C

E, .
322 sinf(ws — wa)t + (ks + ko)x,]
w3

+ R,

(E21)

where R stands for the residual terms that lead to non-stationary
potentials. From equation (E.21) it is straightforward to obtain



J. Phys. B: At. Mol. Opt. Phys. 51 (2018) 025503 ZLietal
E\E .
xp = l—zzsm[(wl + W)t — (ky + k)] U = v.E\EyE5( 1 n 1 + 1
wi(wy + wy)c 2wic? \wiws  wiws  wrws
— BB inlws — o)t + s + ko) < sinlll + k2 + ko)) (2D
wi(ws — wa)*c
E,E, ) since the first term in equation (E.26) dominates. Using first-
— - sinf(wi + w1 — (k + k2)x] order perturbation theory, the probability of elastic scattering of
w2 (w1 + wa)c L B
EE an incident free electron from |p;) to the final state
2£3 . N
——=—= —sin[(w3 — w)t + (ks + ka)x; 5.\ = |p i
(o — o) [(w3 — wa)t + (k3 + k2)x4] ) = 1B + 2ka) is
isin[(wg — w)t + (k3 + kp)xs) P(wy, wa, w3) = VBBEs i O(Ep) (E.28)
wi(ws — wp?e bE S 2c2wiwrws o '
E3E, . et k
wa(ws — w)c sin[(ws — w2)? + (k3 + k2)x;] where E; = pj?/Z -p? /2. The schematic setup in sketched in
LR figure 5. To avoid the metal foil filter of being radiated by the
) intense x-ray field of wys, its collinear relation with the coun-
(E-22)  terpropagating seeding fields with wp1 and wy, can be loosened
Tpropagating g
x . ith ted to the phase-matchi dition.
Insert equation (E.22) into the term xf% of equation (E.18), with respected to the phase-matching condition
and collect the stationary terms
OB (xs, 1) ORCID iDs
Xf—————
Ox;
wrEy Zheng Li ® https: //orcid.org/0000-0002-5483-9149

E, . )
:xf[wlc Lsin(wit — kixg) + sin(wat — koxy)

E; .
+ w33 sin(wst + k3xs)]
E\E>E 1 1 1
== 3( + + )
c wiws wiwy Wrws3

X cos[(ky + ky + k3)x] + R.
(E.23)

Thus we have the equation of motion for the electron to travel
across the light field,

1 1 1
X = %E1E2E3( + + )

wiws3 wiw?r Worws3
X cos[(ky + ko + k3)x]. (E.24)
Solving 7, similarly and integrating once, we obtain
E\E>E 1 1 1
Z=v, — ”23( + + )
8wz \ wjws ) Wy w3
x sin[(k; + ko + k3)xg], (E.25)

where v, is the initial velocity of the electron along the z axis.
With equations (E.25) and (E.24) we obtain

X:sz1E2E3( 1 N 1 1 )

s 3 +
C wiws wiwy

x cos[(ki + ka + k3)x,]
E2E2E2 2
_ E[E;E;5 1 n 1 " 1
16wscd \wiws  wiws
X sin[2(k; + ko + k3)x,].

wWaws

Worws
(E.26)

From the equation of motion for the scattering of the incident
electron (equation (E.26)), we can directly deduce the effective
stationary periodic potential of the grating as

Nikita Medvedev ® https: //orcid.org /0000-0003-0491-1090
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