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An x-ray Hanbury Brown-Twiss interferometry to diagnose a temporal profile of a femtosecond electron
bunch (e-bunch) is presented. We show that intensity interference of spontaneous x-ray radiation from the
e-bunch reflects the e-bunch profile. Based on this relationship, a temporal profile of the 8.1-GeV e-bunch
at SPring-8 Angstrom Compact free-electron LAser (SACLA) that generates x-ray free-electron laser
(XFEL) light is characterized through the intensity interference measurement. Combining this e-bunch
profile with a numerical simulation, the XFEL pulse duration generated by the e-bunch is estimated to be

less than 10 fs.
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I. INTRODUCTION

Optical pulses and particle beams with ultrashort tem-
poral duration, such as femtosecond electron pulses from a
photocathode electron gun, attosecond laser light from high
harmonic generation [1], and femtosecond synchrotron
radiation produced by a laser-slicing technique [2], have
been powerful probes for capturing ultrafast processes,
which have provided new insights in various fields ranging
in materials science, chemistry, and biology. An x-ray free-
electron laser (XFEL) based on the self-amplified sponta-
neous emission (SASE) scheme [3] is a newly developed
ultrafast light source with femtosecond duration. The ultra-
fast nature of XFELSs, in combination with their nearly full
transverse coherence [4,5] and high brilliance properties,
has opened up innovative scientific opportunities, such as
x-ray structural determination based on a “diffraction-before-
destruction” scheme [6,7], investigation of nonlinear x-ray
phenomena [8—11], and measurements and applications of
femtosecond x-ray interactions with materials [12—15].

The ultrafast XFEL pulses are generated from the
electron bunches (e-bunches) that are accelerated to a
relativistic speed with strong compression to a femtosecond
regime. Evaluation of the temporal profile of the e-bunch is
therefore essential for optimizing accelerator parameters for
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achieving XFEL amplification, as well as for characterizing
the XFEL pulse duration, which is an important parameter
for designing and analyzing experiments. In XFEL facili-
ties, such as the Linac Coherent Light Source (LCLS) [16]
and SPring-8 Angstrom Compact free-electron LAser
(SACLA) [17], several techniques for temporal diagnostic
of the e-bunch have been developed [18-23]. Among
them, a radiofrequency transverse deflector (rf deflector)
is widely used due to its high temporal resolution and
simplicity of the measurement [21-23]. In the rf deflector,
the traveling, time-varying transverse rf field streaks the
e-bunch and the temporal structure of the e-bunch is
measured at a femtosecond time resolution.

At present, XFEL light sources are capable of generating
sub-10 fs XFEL pulses [21,24]. In such cases, the e-bunch
duration is comparable to or shorter than the time resolu-
tion of the e-bunch diagnostic schemes that are presently
available. Furthermore, the concepts for generating atto-
second XFELs are now rapidly emerging [25-28]. A new
scheme to diagnose the e-bunch profile with an attosecond
resolution is highly demanded.

In this paper, we present an x-ray intensity interferometry
as a new temporal diagnostic scheme for e-bunches. Intensity
interferometry, so called Hanbury-Brown Twiss (HBT) inter-
ferometry [29,30], is a technique to investigate statistical
and coherence properties of light from the measurement of the
intensity correlations. The HBT interferometry was extended
to synchrotron x-ray radiation 20 years ago [31,32], and the
transverse coherence properties and the x-ray pulse duration
were evaluated with this technique [33-35]. More recently,
the HBT interferometry of soft and hard XFELs was
performed to characterize their statistical properties [36,37].
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In the proposed scheme, spatial profiles of the sponta-
neous x-ray beam generated by the e-bunch are measured in
a shot-by-shot manner while changing the bandwidths
using x-ray monochromators, and evaluate the degree of
intensity interference via second-order intensity correlation
functions. As is shown below, the degree of the interference
is dominated by the magnitude relationship between the
coherence time of the monochromatized x-ray beam and
the e-bunch duration. Since the coherence time can be
easily changed from picosecond to attosecond by using
x-ray monochromators, the x-ray HBT interferometry
enables us to evaluate temporal profiles of the femtosecond
or even attosecond e-bunches.

II. PRINCIPLE

The complex electric field of monochromatized sponta-
neous radiation from an e-bunch with a mean angular
frequency @ at a position ¥ may be expressed as [38]

E,(r,t) = F(r,1)A(r, t) exp(i@r), (1)
where F(r,t) is the field pulse envelop function, and
A(r,t) is the Gaussian random variable. We assume
(A*(ry,1)A(ry,t + 7)) can be factorized into functions
of space p(ry,r,) and time y,(z). Here the brackets denote
the ensemble average, which is experimentally replaced
by average over different pulses. We note that this
assumption is generally valid for monochromatized undu-
lator radiations [39].

By introducing the Fourier component of the electric
field of the x-ray beam before monochromator E(r, ®) =
JE(r,t)e~™'dt, the Fourier component of that after
the monochromator can be expressed as E,,(r,o) =
R(w)E(r, ) with the complex reflectivity of the mono-
chromator R(w).

In the x-ray HBT interferometry, we measure the
time-integrated intensity for each x-ray pulse I:,(r) =
Tcey [|E,(r.t)|?dt with the speed of light ¢ and the
permittivity of vacuum e€,. Then, the intensity correlation
between different positions is evaluated with the normal-
ized second-order intensity correlation function

(1, (r) 1, (r2))
(L (r)) (1, (r2))

We suppose that the normalized intensity envelope
function P(r,t) = |F(r,1)|*/ [|F(r,1)|*dt is independent
on r and is given by a summation of N Gaussian functions
P(r,t)=>""_ p,/(V2zo,)exp|—(t—1,)*/(263)]. In addi-
tion, we assume that the intensity reflectivity of mono-
chromator |R(w)|? is given by Ry%exp| — (@ — @)/ (202)).
Then, we obtain the relationship among ¢'® between
two separated positions (r, r,), the pulse envelope
function, and the coherence time of the x-ray beam

(2)

9(2) (r,r2) =

after monochromator 7. =1/(20,) as follows (see
Supplemental Material [40]):

N N

PnP

9P (rpry) = 1+ lu(rr) P> ——=—
=1

= E=
1 (tl’l tﬂ’l)z
X —_— 3
exp[ 2 o’ + o2, +2T:| 3

In the case of r{ =r, =r, the right side of Eq. (3)
contains an additional term originating from photon shot
noise 1/(I,y(r)), where (I (r)) is the average number of
detected photons per pulse at r [35,41].

As seen from Eq. (3), the degree of the intensity
interference is dominated by the magnitude relationship
between o, (n = 1,2,3...N) and z.. Thus, by measuring
¢? for different conditions where 7, and ¢, are compa-
rable, one can readily evaluate the intensity envelop
function of the x-ray pulse. Since the temporal electron
density distribution, i.e., the current profile of the e-bunch
L(t), is related to P(r,t) via P(r,1) (t)/ [ L(t)dt, the
current profile of the e-bunch can be determmed when we
know a total charge of the e-bunch Q = [ L(t)dt

II. EXPERIMENT

Based on the above principle, we evaluated the current
profile of the e-bunch with an energy of 8.1 GeV that
generated a 10.5 keV-XFEL pulse at SACLA BL3 [42].
The schematic illustration is shown in Fig. 1(a). Twenty-
one undulator segments are working for the normal
operating condition to generate XFEL pulses, while only

MPCCD detector
(a) X-ray  Double crystal
Undulator Pulse  monochromator
e-buncﬁ /\ Si flat
Fmem——— dump monochromator
1 1 1 >
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Distance from undulator

Single shot image

Averaged image

FIG. 1. (a) Schematic illustration of the x-ray HBT interfer-
ometry performed at SACLA BL3. (b) Single shot and averaged
images of the monochromatized spontaneous radiation for the
case of the flat Si crystal in a reflective index of 111. The edge of
the x-ray beam profile originated from the limited apertures of the
beamline optics.
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the most upstream undulator was employed for producing
spontaneous radiation in this experiment by opening the
magnetic gaps of the rest of the undulators. A silicon
(Si) 111 double crystal monochromator in the optical
hutch selected 10.5 keV radiation with a bandwidth of
1 eV. The bandwidth was further reduced by another
monochromator with a flat Si crystal in a reflective index
of 111, 220, 311, 440, 333, 444, 660, or 555. For each
experimental condition, the coherence time was deter-
mined by fitting the intensity reflectivity of monochro-
mators |R(w)|> by a Gaussian function. The Gaussian
function well describes the frequency dependence of the
intensity reflectivity, which assures the validation of the
determination of the electron bunch profile at the accuracy
of the current experiment. The intensity profiles of the
x-ray beam after monochromator were measured in a
pulse-by-pulse manner with a multiport charge coupled
device detector [43].

IV. RESULTS AND DISCUSSION

Figure 1(b) shows a typical single shot image and the
averaged image over multiple pulses of the x-ray beam
monochromatized by the Si flat crystals in a reflective
index of 111. The single shot image shows a grainy pattern,
indicating the presence of the x-ray intensity interference
between neighboring positions. Note that the grainy image
is not due to the speckles caused by imperfections of the
optical devices since the averaged image in Fig. 1(b) shows
a smooth pattern.

We calculated g2 between the central position of the
reflected beam and the neighboring positions given by

(I, (x0 + Ax, yo + Ay)I,(x0. ¥0))
1

@ (Ax. Ay) =
g X, Ay
( ) (I (xo + Ax, yo + Ay)I,(x0. ¥0))

NG

where x, and y, are the central positions of the x-ray beam
on the detector plane in the horizontal and vertical
directions, respectively. Figure 2(a) shows ¢'*) measured
with Si flat crystals in a reflective index of 111, 311, and
660. Apparently, g? increases for longer coherence times
[z, =08 fs (Si 111),2.6 fs (Si311), and 30.9 fs (Si 660)].
Interestingly, g'*) decays faster in the horizontal direction
than in the vertical direction, which is explained by the
anisotropy of the electron beam emittance; the larger e-beam
emittance in the horizontal direction compared with that in
the vertical direction led a small transverse coherence length
of the spontaneous radiation in the horizontal direction. The
line profile of ¢ (Ay) = ¢*(Ax =0 um, Ay) for each
experimental configuration of the Si flat crystal was well
described by a Gaussian function [Fig. 2(b)]. We determined

the degree of the intensity interference g(()z) by fitting g®) (Ay)

with a Gaussian function ¢ (Ay) = ¢\ exp[—2%]. In the

22
fitting process, the data pointat Ay = 0 um was excluded to
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FIG. 2. (a) g@ of the x-ray beam monochromatized by Si flat

crystal in a reflective index of 111, 311, or 660. (b) Line profiles
of g (Ax =0 um,Ay) and their fitted results by Gaussian
functions. Inset: degree of the effect of photon shot noise on
intensity interference as a function of the reciprocal of average
number of detected photons at the pixel corresponding to the
center of the monochromatized x-ray beam.

avoid the effect of photon shot noise on ¢(?). The degree of

the effect of photon shot noise géi) = ¢ (Ax =0 ym,

Ay =0 ym) — g((f) for each experimental configuration

is plotted as a function of 1/(I,;(xo.yo)) in the inset of

Ejl) are

Fig. 2(b). As is predicted from theory, the values of g
almost the same as 1/(Z,(xo. o))

To evaluate the e-bunch duration, we first assumed that
the current profile is described by a single Gaussian

function (L(t) = %exp[— %}) Under such assumption,

géz) is given by

1
s (5)

VA= 02/13'
(2)

We fit the measured g, as a function of the coherence
time by Eq. (5) [Fig. 3(a)]. The fitting curve roughly
describes the experimental result, and ¢ was determined to
be 8.8+ 0.8 fs, while we found a small discrepancy
between the fitting curve and the experimental result. To
improve the consistency between the experimental data and
the model fitting, we considered the double Gaussian
model of the current profile:

_ O _i} &) [_(f—flz)z}
L(t)—\/ﬂalexp[ 207 +\/2_7mzexp 22 | (6)

where t{, is the time separation of the two Gaussian
functions, and Q; (Q») and o, (0,) are the total charges
and the spread of the first (second) Gaussian function,
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FIG. 3. (a) g(()2> as a function of coherence time of the x-ray

beam after monochromator (black markers) and the fitting results
by single (red solid curve) and double (blue solid curve) Gaussian
function models. Green dotted curve represents g(()z) calculated by
Eq. (7) with the e-bunch parameters measured by the rf deflector.
(b) Current profile of the e-bunch determined by the x-ray HBT
interferometry (blue solid curve) and that measured by the rf
deflector (green solid curve).

respectively. Here, we set the time corresponding to the
peak current position of the first Gaussian function to 0 fs
for simplicity. The current profile measured by the rf
deflector at SACLA was well fitted by Eq. (6), and we
obtained the following parameters: Q; = 161 = 11 pC,
0, =75+7pC, 6 =83+051s, 0, =173 £1.1fs,
and t{, = 21.3 £ 1.4 fs. Here 4 denotes the pulse-by-pulse
differences. In the double Gaussian model, the degree of the
intensity interference is given by

g 4 Q210 | 03/(01 +0o)

’ Vitoi/  J1+a/n
2010,/(Q1+Q)° T 1 i
V1+ (67 +03)/(272) 2 oi+o3+2e]

()

We examined whether the double Gaussian model with
parameters determined by the rf deflector is consistent with
the result of the HBT interferometry. The green dotted
curve in Fig. 3(a) is g\ calculated by Eq. (7) with
Q,=161pC, O, =75pC, 0, =831s, 0, =17.31s,
and t, = 21.3 fs. While the calculated and the measured

gg)z) are almost the same for long coherence times over

1.2F =25
E 1.0+ 3 “‘. — XFEL intensity 20
g H -- Current profile of e-bunch o
. 0.8 =
2 —15 a
ii 0.6 3
b 110 =
g 0.4+ >
€ o02f 15
0.0 - et P o
20 40 60

FIG. 4. Simulated temporal structure of the XFEL pulse (red
solid curve) and the current profile of the e-bunch determined by
the x-ray HBT interferometry (blue dotted curve).

30 fs, the calculated value is much smaller than the

measured g(()z) for shorter coherence time. Such under-

estimation of g(oz) could be explained by the presence of

sharp current peak whose duration is shorter than the time
resolution of the rf deflector.

Based on this assumption, we fitted the dependence of
gg)z) on the coherence time by Eq. (7) with two fitting
paramets o; and o,, while using the parameters measured
by the rf deflector Q; =161 pC, O, =75 pC, t, =
21.3 fs that were not influenced by the limited temporal
resolution of the rf deflector. The experimental result was
well described by the fitting curve [Fig. 3(a)], and 6, and o,
were determined to be 2.8 £0.3 fs and 12.6 +£4.3 fs,
respectively. The blue curve in Fig. 3(b) shows the current
profile of the e-bunch determined by the x-ray HBT
interferometry [Eq. (6) with Q; = 161 pC, Q, = 75 pC,
oy =2.81s,0, =12.6 fs, and ¢, = 21.3 fs]. It was found
that the peak current value of the e-bunch was 23 kA and
the peak duration was 7 fs in full width of the half-
maximum (FWHM). For comparison, the current profile
measured by the rf deflector is also shown in this figure.

Finally, we evaluated an emittance of the electron beam
and the duration of the XFEL pulse generated by the
e-bunch in the normal operating condition of SACLA with
the help of a numerical simulation. Assuming the emittance
is constant over all e-bunch positions and the current profile
of the double Gaussian function model [Eq. (6) with
0, =161pC, O, =75pC, 0y =2.81s, 0, =12.6f5s,
and 1, = 21.3 fs], we simulated XFEL intensity evolution
along the undulators in a normal operation condition at
SACLA using a FEL simulation code SIMPLEX [44]. By
performing simulation with different emittances, we found
that the result with an emittance € = 0.9 £ 0.1 7 mm mrad
well reproduces the intensity gain length L, = 2.3 m that
was obtained experimentally. Figure 4 shows the temporal
profile of the XFEL pulse simulated at the exit of
undulators for ¢ = 0.9 z mmmrad. For reference, the
current profile of the e-bunch determined by the HBT
interferometry is also shown. It was found that the high
current region of the e-bunch beneath 0 fs in the horizontal
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axis emitted intense XFEL radiation, while the contribution
of the rest part of the e-bunch to the XFEL intensity was
negligibly small. Accordingly, the XFEL pulse duration
was evaluated to be 6.3 fs (FWHM), which is consistent
with the previous evaluation on the XFEL pulse duration at
SACLA [9,24].

V. SUMMARY

In this paper, an x-ray HBT interferometry to diagnose
temporal profiles of e-bunches is proposed. The e-bunch
profile at SACLA was determined by using the scheme, and
the duration of the XFEL pulse generated by the e-bunch
was estimated by combining the determined e-bunch
profile with a numerical simulation.

The x-ray HBT interferometry is based on a simple and
robust principle, and is easily conducted without a complex
experimental setup. This method should be highly effective
for precise e-bunch diagnostics and contributes to control-
ling time structure of the e-bunch for achieving XFEL
amplification. Furthermore, the x-ray HBT interferometry
is applicable to much shorter e-bunches, because the
coherence time of the x-ray beam can be reduced down
to a single attosecond region using multilayer optics [45]
that are widely used as an optical component at synchrotron
x-ray facilities [46—48]. The method would readily provide
a pathway to evaluate relativistic attosecond electron
bunches, which is beneficial not only for XFEL science
but for advancing technology of plasma wakefield electron
acceleration [49].
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