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We propose a new method to generate ultrashort x-ray pulses using focused short low energy
(∼20 MeV) electron bunches to create short slices of electrons from the circulating electron bunches in a
synchrotron radiation storage ring. When a low energy electron bunch crosses from the top of a high energy
storage ring electron bunch, its Coulomb force will kick a short slice from the core of the storage ring
electron bunch. The separated slices, when passing through an undulator, will radiate ultrashort x-ray
pulses at about 160 fs. We discuss the advantages, challenges, and provide data which confirm the
feasibility of this new method.
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I. BASIC PRINCIPLES AND PARAMETERS

The community interested in science using sub-pic-
second x-ray pulses is growing rapidly. Laser slicing is
one of the approaches to generate ultrashort x-ray pulse
[1–6]. Typically, for laser slicing the x-ray pulses are of the
order of 100 fs with repetition rate of order of 1 kHz and the
number of photons per 0.1% bandwidth per pulse is of
the order of 1000. To generate ultrashort x-ray pulses with
many orders of magnitude higher repetition rate, another
method is proposed by Zholents [7,8] using a crab cavity
which provides pulse length of order of a pic-second. It
provides a continuous stream of x-ray pulses [9] with a
much higher average flux. A new source of ultrashort x-ray
pulses is x-ray free electron laser, with the pulse energy
many orders of magnitude higher than storage ring and
pulse width of 100 fs or less [10]. However, compared with
the storage ring sources, the fluctuation of the intensity and
wavelength from a SASE FEL is large, and the repetition
rate is low. For example, the repetition rate of LCLS SASE
FEL is 120 Hz [11]. Hence, even though the single pulse
energy is much lower than the SASE FEL pulse, the high
repetition rate and high pulse to pulse stability of storage
ring sources continue to attract a wide range of user
interests.
In this paper we propose a different approach to generate

ultrashort x-ray pulses of the order of 100 fs pulse length by
electron beam slicing [12]. As shown in Fig. 1, when a
short electron bunch from a low energy linac (for example,
20 MeV, 200 pC, 150 fs) passes 35 μm above a storage ring
bunch (30 ps) at a right angle, it kicks a short slice
(∼160 fs) of electron bunch vertically. The radiation from
the short slice is separated from the core bunch. We find the

following advantages of this method when it is compared
with other schemes respectively: (i) when compared with
crab cavity method, it needs much smaller space in storage
ring for interaction, and its radiation pulse length (∼160 fs)
is much shorter. (ii) When compared with laser slicing
method, its flux per pulse may be increased significantly, by
a factor of from 6 to 10 (the flux is discussed in Sec. VA),
and the repetition rate can be much higher while the pulse
length is comparable. (iii) When compared with LCLS
SASE x-ray free electron laser, its repetition rate can be
103–104 orders of magnitude higher, and it is much more
stable, even though the single shot pulse energy is many
orders of magnitude lower.
Thus we expect the new method may provide a compli-

mentary approach to other ultrashort x-ray pulse sources.

II. DERIVATION OF THE KICK ANGLE

A. Angular kick function

We explored the new method by calculating the
angular kick received by a high energy electron (labeled
as bunch 1), generated by a point charge in the low energy

FIG. 1. Illustration of electron beam slicing.
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linac electron bunch (labeled as bunch 2) and integrated
over the 3D electron distribution of the low energy bunch.
The electric field at position ~r1 contributed by the

electron 2 at position ~r2 can be expressed by [13]

~E ¼ e
4πε0

γ2
S3

~r; (1)

where ε0 is the permittivity of free space, S ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ22x

2 þ y2 þ z2
p

, ~r ¼ ~r1 − ~r2. The corresponding mag-

netic field can be calculated by c~B ¼ ~β2 × ~E. Using
~F ¼ e~Eþ e~υ1 × ~B, assuming that when t ¼ 0 electron 1
locates at position ðx1; y1; z1Þ and electron 2 locates at
position ðx2; y2 þ d; z2Þ, where d is the vertical distance
between the storage ring beam line and the low energy
beam line, and assuming each low energy particle’s point
charge is q2, the kick force on electron 1 in the vertical
direction can be expressed as

Fy ¼ −
eq2
4πε0

γ2
S3

ðdþ y2 − y1Þ: (2)

The relation between the kick force and the kick angle can
be expressed as

Fy ¼ γ1mc
dθy
dt

¼ E1

c

dθy
dt

; (3)

where we use dy
dt ≈

cdy
dz1

¼ cθy due to υz1 ≈ c, E1 is the
energy of the storage ring electron 1. The angular kick Δθy
generated by a point charge in the low energy bunch 2 can
be obtained by integrating dθy ¼ ðcFy=E1Þdt over the
crossing time:

Δθy ¼
eq2γ2c
4πε0E1

Z þ∞

−∞

dt
S3

ðdþ y2 − y1Þ

¼ eq2Z0c
2πE1

·
γ2ffiffiffiffiffiffiffiffiffiffiffiffiffi
γ22 þ 1

p ·
dþ y2 − y1

a2
; (4)

where Z0 ¼ 1
ε0c

¼ 377 Ω and

a2 ¼ γ22
γ22 þ 1

× ½ðx2 − x1Þ þ ðz2 − z1Þ�2 þ ðdþ y2 − y1Þ2:

In Eq. (4), we removed a minus sign for the Δθy which is
due to the minus sign of Eq. (2). This means we define Δθy
as positive if the electron is kicked downward in Fig. 1.
We assume the low energy bunch 2 has a Gaussian

distribution in the x; y; z direction and the rms bunch size is
σx; σy; σz. IntegratingΔθy over the whole low energy bunch
2, we obtain the angular kick as a function of the 3D
position of an electron in the storage ring bunch:

Δθy ¼
eq2Z0c
2πE1

γ2ffiffiffiffiffiffiffiffiffiffiffiffiffi
γ22 þ 1

p 1ffiffiffi
2

p
σy

fðρ; ū1; ȳ1Þ; (5)

where f gives the profile as a function of the position of the
high energy electron:

fðρ; ū1; ȳ1Þ

¼
Z

∞

0

Re½Wðū1 þ iyÞ�½e−ðρy−ȳ1Þ2 − e−ðρyþȳ1Þ2 �dy; (6)

with

ρ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ22

γ22 þ 1
·
σ2x þ σ2z

σ2y

s
;

ȳ1 ¼
d − y1ffiffiffi
2

p
σy

;

ū1 ¼
x1 þ z1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðσ2x þ σ2zÞ

p ; (7)

d is the vertical distance between the centers of the low
energy beam and the high energy beam. x1; y1; z1 are the
coordinates of the high energy electron, σx; σy; σz are the
rms beam size of the low energy bunch. q2 is the charge
of low energy bunch, γ2 is its dimensionless energy,
Z0 ¼ 377Ω is the vacuum impedance. W is the error
function: WðuÞ ¼ e−u

2

erfcð−iuÞ.
The angular kicks in the horizontal and the longitudinal

direction, received by the high energy bunch, are discussed
in [14]. The analysis shows that the horizontal angular kick
is much smaller than the angular spread of the high energy
beam, while the energy modulation generated by the
longitudinal kick is negligible compared with the energy
spread of the high energy bunch. To be brief, we will not go
into details of these here.

B. Analysis of the kick angle and kick profile

As a numerical example using NSLS-II parameters [15],
we assume the kick point is at a position in the ring where
βx ¼ 3.8 m, βy ¼ 25m. If the vertical emittance is 10 pm,
the rms beam divergence is σ0y ¼ 0.6 μrad. To separate the
slice from the core we need the angular kick more than 5
times larger, i.e., 3 μrad. We assume the 20 MeV electron
bunch with charge of q2 ¼ 200 pC is focused to the size of
σx ¼ σy ¼ 35 μm, and compressed to σz ¼ 35 μm, i.e.,
bunch length of about 120 fs. We have Z0 ¼ 377 Ω,
E1 ¼ 3 GeV, E2 ¼ 20 MeV, hence we find the nominal
kick angle as

Δθ0 ¼
eq2Z0c
2πE1

γ2ffiffiffiffiffiffiffiffiffiffiffiffiffi
γ22 þ 1

p 1ffiffiffi
2

p
σy

¼ e × 200 pC × 377 Ω
2π × 3 GeV

×
3 × 108 m=s

50 μm

¼ 24 μrad:

The profile parameter
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ρ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ22

γ22 þ 1
·
σ2x þ σ2z

σ2y

s
¼ 1.4:

We choose the distance between the storage ring beam line
and the low energy beam line as d ¼ ffiffiffi

2
p

σy ¼ 50 μm,
which we find to give maximum kick. Assume
x1 ¼ y1 ¼ z1 ¼ 0, i.e., when the electron in the storage
ring bunch arrives at the origin of the coordinate system, the
center of low energy bunch just arrives at the position on
top of the origin by vertical distance d ¼ 50 μm, then we
have ȳ1 ¼ 1, ū1 ¼ 0, and we find f ¼ 0.54. The kick angle
is then given by θ ¼ θ0f ¼ 24 μrad × 0.54 ¼ 13 μrad,
much larger than the required 3 μrad for the separation
from the core.
To understand the profile of the angular kick, we plot the

function f in Fig. 2 for the case of ρ ¼ 1.4. A set of plots of
f as a function of ȳ1 at ū1 ¼ 0 for different ρ is shown in
Fig. 3. The maximum is always approximately at ȳ1 ¼ 1.
We also plot the profile of f as a function of ū1 for

ȳ1 ¼ 1 in Fig. 4 for different ρ. The width in ū1 of the
profile f at ȳ1 ¼ 1 can be used to estimate the width of the
slice. From Eq. (7), we have

z1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðσ2x þ σ2zÞ

q
ū1 − x1: (8)

This equation shows the slice width is affected by two
independent terms: one term, being proportional to ū1, due
to the vertical kick from the linac bunch and the other term,
being proportional to x1, due to the horizontal crossing time
of the low energy bunch when it passes across the high
energy bunch from top. These terms add in quadrature to
provide the slice width. To estimate the slice width, we
assume the horizontal distribution of the storage ring bunch
and the 3D distribution of the slice bunch are Gaussian, and
we also approximate the profile of ū1 as Gaussian. For the
above example, at the kick point with βx ¼ 3.8 m and
εx ¼ 1 nm, the horizontal FWHM of the storage ring bunch
is about 145 μm and at ρ ¼ 1.4 the FWHM of ū1 is 2.5.
Then the estimated FWHM of the slice bunch is about
227 μm which corresponds to 760 fs. As an estimate, we
use an aperture to select x rays from those electrons in the
slice whose kick angle is larger than half of the maximum
kick angle, then the peak to peak pulse width of the slice is
760 fs. Thus the estimated rms value of slice width should
be estimated roughly as one-fourth of this peak to peak
value, i.e., 190 fs. (This can only serve as an order of
magnitude estimate. The simulation result is given in
Sec. VA.) We can see the contribution of the horizontal
crossing time dominates the pulse width. But, as we will
discuss in more detail later in Sec. VA, we find that when
the low energy bunch crosses the high energy bunch with
an angle of 45° rather than 90°, this problem of horizontal
crossing time can be overcome. Then, again, the width of
ū1 becomes important, and we can reach the slice length of
the order of 150 fs.
To see how the width of the slice depends on ρ, we

examine Fig. 4 for different ρ. This plot shows that to
reduce the width we need to increase ρ to more than 1. But
Fig. 4 also indicates that when ρ increases the maximum
value of f decreases. However, we notice that the nominal
kick angle θ0 is inversely proportional to σy, since ρ is also
inversely proportional to σy, the kick angle is proportional

FIG. 2. Profile function f.

FIG. 3. Profile on axis ū1 ¼ 0. The maximum f locates at
ȳ1 ¼ 1.

FIG. 4. Profile on axis ȳ1 ¼ 1. Show that decreasing ρ will
increase the pulse width. If we need ρ ∼ 1 or ρ > 1, we need
small σy.
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to ρf. In Fig. 5, we plot ρf as a function of ρ, and we find
that when ρ increases, ρf increases. Hence from both the
point of view of reducing pulse width and increasing the
kick angle, we favor the increase of ρ. As a result, even
though it is important to have σx; σy; σz small, it is even
more important to have σy smaller to reduce the pulse
length and increase the kick angle. Thus it is favorable to
have a pancake shape for the low energy bunch at the focal
point with thin dimension in the vertical direction. This is
easy to understand, because the maximum kick angle is at
the edge of the low energy bunch, when σy is smaller, the
position of maximum kick is closer to the center of the low
energy bunch, and because the width of the kick angle
profile decreases with increased ρ, hence decreased σy.

C. Reaction from high energy bunch
to low energy bunch

We also need to estimate the angular kick received by the
electrons in the low energy bunch, caused by the high
energy bunch. To calculate the reaction of the high energy
bunch to the low energy bunch, we use Eq. (5) and change
the notations. Now “2” refers to the high energy bunch and
“1” refers to the low energy bunch. Then for the high
energy bunch, the axis “þx,” “þy” and “þz” are the
longitudinal, vertical and horizontal direction respectively.
We use the same beam parameters given in the previous
example to give an explanation that the reaction can be
ignored.
At the kick point, the related parameters of the

high energy bunch are σx ¼ 15 ps × 3 × 108 m=s ¼
4.5 mm, σy ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
25 m× 10−11 m

p
¼ 15.8 μm, σz ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3.8 m× 10−9 m
p

¼ 61.6 μm, q2 ¼ 0.5 A×2.63 μs
1000

¼ 1.3 nC
(for beam current of 0.5 A, assume 1000 bunches, with
the revolution time of 2.63 μs, we have the bunch charge as
1.3 nC), E1 ¼ 20 MeV, γ2 ¼ 3 GeV

0.511 MeV ¼ 6000. In order to
estimate the maximum reaction, we choose crossing angle
φ ¼ 90∘, then

θyð90∘Þ ¼
eq2Z0c
2πE1

γ2ffiffiffiffiffiffiffiffiffiffiffiffiffi
γ22 þ 1

p 1ffiffiffi
2

p
σy

× fyðρ; ū1; ȳ1Þ

¼ 0.05 × fyðρ; ū1; ȳ1Þ;

where fyðρ; ū1; ȳ1Þ is the profile function. For this storage
ring bunch, the profile parameter

ρ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ22

γ22 þ 1
·
σ2x þ σ2z

σ2y

s
¼ 285:

We also choose the same kick situation given in the
previous example in Sec. II B, then ū1 ¼ 0, ȳ1 ¼ 1.
Thus the profile function fyðρ ¼ 284; ū1 ¼ 0; ȳ1 ¼ 1Þ ≈
0.0052 and the reaction on the low energy bunch is

θyð90∘Þ ¼ 0.05 × fyðρ ¼ 285; ū1 ¼ 0; ȳ1 ¼ 1Þ

¼ 0.05 ×
ffiffiffi
π

p
ρ

erfðȳ1Þ ≈ 0.26 ½mrad�; (9)

where erfðzÞ ¼ 2ffiffi
π

p
R
z
0 e

−t2dt and the detailed derivation is

given in Appendix A. We assume the vertical beam size of
the low energy bunch is 35 μm. Then during the interaction
time, the low energy bunch’s position will be changed
about 0.009 μm in the vertical direction which can be
ignored when compared with the vertical beam size 35 μm.

III. BUNCH COMPRESSOR SIMULATION

To minimize cost, the linac bunch energy should be as
low as possible. We investigated slicing with a low energy
∼20 MeV, high charge ∼200 pC beam. For such low
energy and high charge beam, the final focus is in the
space charge dominated regime which represents a chal-
lenge for the design of an electron gun and magnetic
chicane system for the compression. While our result
shows that we can achieve our initial goal as given in
the above example quite closely, an increase of the energy
and the charge of the low energy electron bunch would
further reduce the length of the x-ray pulses and increase
the angular kick. This analysis provides a reference for the
future design of an electron beam slicing system.
We carried out a simulation study to design a system

consisting of the LBNL’s VHF gun operating at 186 MHz
[16], superconducting rf cavity at 1.3 GHz, several

FIG. 5. ρf increases as a function of ρ.

TABLE I. Performances of the compressor.

Case Charge [pC] Energy [MeV] σLa [fs] σH b [μm] σV c [μm]

1 150 18 130 47 28
2 200 20 148 46 25
3 200 22 128 42 25

aThe longitudinal rms bunch length of the linac bunch.
bThe horizontal rms beam size of the linac bunch.
cThe vertical rms beam size of the linac bunch.

A. HE, F. WILLEKE, AND L. H. YU Phys. Rev. ST Accel. Beams 17, 040701 (2014)

040701-4



solenoids and a compressor chicanewith a matching section.
We assume the field gradient is20 MV=mat the cathode. The
simulation code used is IMPACT-T [17]. To check the effect of
the coherent synchrotron radiation (CSR), we compared the
simulation results with the results when the CSR effect is
turned off in IMPACT-T, and also compared with simulation
using the code PARMELA which does not take CSR into
account [18]. Our comparison shows that the CSR effect is
negligible in our case. We carried out a multiobjective
optimization procedure using the genetic algorithm [19],
allowing the laser pulse length, the laser spot size, the phases
and amplitudes of the gun and accelerating cavity, the field
strengths of quads and dipoles in the chicane to vary with the
two target functions set: the sum of transverse rms beam
sizes, and the bunch length respectively. Some optimized
results are shown in Table I. For example, at 20 MeV with
200 pC charge and a 8.7 m compressor chicane, the
optimization leads to 148 fs rms bunch length at the focal
point with 46 μm, and 25 μm for horizontal and vertical rms
beam size respectively. Figure 6 shows the histograms of 6D
phase space at the final focus point of the compressorwith the
color bar indicating the particle density. A more detailed
description is to be found in [20].

IV. PHOTON FLUX AND REPETITION RATE

Before the discussion about the photon flux in the
radiator, we need to discuss the separation between the
slice bunch and the core bunch. To improve the separation
of the synchrotron radiation of the satellite from the core,
we would like to maximize this angular deflection at the
radiator. This is realized by maximizing the vertical beta
function at the crossing point while minimizing the vertical
beta function at the radiator and at the same time keeping as
close as possible to 180° vertical betatron phase advance
between the two points. For the example in Sec. II B, the
slice bunch receives a 13 μrad vertical defection at the

crossing point. If we choose the vertical beta functions
βy;kick ¼ 25 m at the crossing point and βy;radiator ¼ 1 m at
the radiator, and choose the phase advance Δϕ ¼ 180°

between the two points, the kick angle increases from 13 to
65 μrad at the radiator.
If we use a 20 mm period in-vacuum undulator of NSLS-

II as the radiator [15], the photon flux for 8 keV x rays is
1015 photons= sec =0.1%BW for a beam current 500 mA.
With about 1000 bunches, bunch current is 0.5 mA. As an
estimate, for a slice of 0.3 ps out of the 30 ps core bunch
length (for NSLS-II, rms bunch length is 15 ps [15]) the slice
fraction is 0.3 ps=30 ps ¼ 1%. Since revolution time is
about 2.6 μs, the single pulse photon flux is 1015 × 0.3 ps=
30 ps × 2.6 μs=1000 ¼ 2.6 × 104 photons=0.1%BW. If
we choose a camshaft current of 3 mA (in the multibunch
operation of the storage ring, one or several bunches may
be injected with higher charge than other bunches—these
bunches are called “camshaft bunches” and the bunch
current of a camshaft bunch is called camshaft current),
the flux can be increased to 15.6 × 104 photons=0.1%BW.
When compared with laser slicing, the method by electron
beam slicing has more photons per pulse than the laser
slicing by a factor of 6–10. The main reason for this is
that in laser slicing when the energy modulated electrons
pass through the undulator with dispersion, within one
optical period there is only a fraction η of electrons [see
Eq. (13) of Ref. [1] by Zholents] that fall within the right
energy range so their transverse position allows them to be
separated from the core electrons. This fraction is about
10%–15%. For electron beam slicing, the electrons within
the whole slice kicked out contribute to the radiation,
without the additional fraction factor η. Thus we expect
about 6–10 times increase of photon flux per pulse by this
method.
The emittance increase sets the limitation on the repeti-

tion rate. For a single bunch, the emittance increase due to
angular kicks is equal to the emittance increase rate times
the damping time. One angular kick of 5σ0y with a slice of
300 fs in a 30 ps bunch increases εy by 0.3 ps=30 ps×
52 × 1=2εy ¼ 12%εy. The emittance increase induced by a
kick is explained in more detail in Appendix B. With a
repetition rate of 100 Hz for a single bunch, and damping
time of 10 ms, the emittance increase is 12%εy×
100 Hz × 10 ms ¼ 12%εy. If we distribute the kicks uni-
formly over all 1000 bunches, the repetition rate would be
100 kHz. For 100 kHz repetition rate, the photon flux is
2.6 × 109 photons= sec =0.1%BW for the example above.
For most synchrotron light source users, the requirement on
vertical emittance is not very stringent. Thus depending on
the tolerance of the vertical emittance increase, the repeti-
tion rate limit can be 100 kHz to 1 MHz at the expense of a
slightly reduced separation for the same kick.
If after a betatron phase advance of π or a mul-

tiple integer of π, another low energy electron bunch,
synchronized with and identical to the first one but

FIG. 6. The histograms of 6D phase space at the final focus
point of the compressor. The color bar shows the particle density.
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precisely time delayed and positioned, will kick the sliced
electron bunch back into the separated core bunch, as
shown in Fig. 7. This second low energy electron bunch
allows the storage ring high energy electron bunch slice

to pass through a local bump and recover its distribution
after the radiation, thus minimizing the perturbation to
the storage ring so that it is possible to increase the
repetition rate significantly. If the time jitter is 10% of
the pulse width [21], the repetition rate will increase to
1–10 MHz. These options present a number of challenges
yet to be studied.

FIG. 7. Two linac bunches form a local bump for the kicked
electrons in the storage ring.

FIG. 8. NSLS-II lattice.

FIG. 9. Pase space for y0 versus z at the crossing point at 8.3 m
right after the kick.

FIG. 11. Phase space for y versus y0 right at the radiator at 26 m.

FIG. 10. Phase space for y versus y0 at the crossing point at
8.3 m right after the kick.

FIG. 12. Illustration of using 45° crossing to reduce crossing
time and reduce the slice pulse length.
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V. SPECIFIC EXAMPLE

A. Slice profile at kicker and radiator

We use the 6D phase space distribution shown in Fig. 6
for the low energy bunch from the linac compressor
simulation with 22 MeV, 200 pC as an example to calculate
the slice profile. The formula for angular kick gives the
optimum vertical distance from the linac beam to the storage
ring beam as 35 μm. Since the maximum angular kick is
determined by these parameters already, to improve angular
separation of the slice from the core, we should choose the
crossing point in the storage ring with maximum βy to
minimize the core vertical divergence. In the meantime,
since the longer crossing time increases the slice pulse
length, we need to minimize βx so that the horizontal beam
size is small. This criterion leads us to choose the slicing
point at the position of either about 8.3 m (point A) or
19.3 m (point B) in Fig. 8 where βx ¼ 3.8 m, βy ¼ 25 m.
These two positions are both located next to the dipoles.

They have vertical betatron phase advances from the radiator
U20 at position 26 m of about 125° and 88° respectively.
Using the 6D distribution of the linac bunch at the final focus
point shown in Fig. 6, we calculate the angular kick received
by particles in the storage ring bunch after the crossing and
plot the phase space distribution. In Fig. 9 we show the
phase space for y0 versus z right after the kick with crossing
point at 8.3 m. In this plot we use the color scale as z, to give
an impression of the short pulse length. In Fig. 10, we show
y0 versus y at the crossing point at 8.3 m, right after the kick.

FIG. 13. Compare phase space distribution in the ðz; xÞ plane and the ðz; y0Þ plane for 90° and 45° respectively.

TABLE II. Quantitative comparison of 90° and 45° crossing
angle.

σt
[fs]

σy;slice=σy;core
[μm=μm]

Slice
fraction
[%]

εy;slice=εy;core
[pm=pm]

Δy=σy;core
[pm=pm]

90° 320 12.5=3.3 2 43.7=10 38=3.3
45° 150 7.03=3.3 1 22=10 29=3.3
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Figure 11 gives the phase space plot of y versus y0 at the
radiator at 26 m. We compared the results using the 6D
simulated bunch with the results using a Gaussian distri-
bution of the same rms beam size as the simulated linac
bunch. They are very close and hardly distinguishable
visibly. This indicates the Gaussian assumption of
the bunch’s 3D distribution in Sec. II A is an excellent
approximation and this makes it easy to use the rms

beam size of the linac bunch to estimate the kick effects
quickly.
Figure 9 shows a thin slice is kicked up right after the

crossing, while Fig. 10 shows how the slice is separated from
the core in ðy; y0Þ phase space, right after the kick. Figure 11
shows the same phase space after a 125° phase advance at the
radiator. The transport of phase space distribution is carried
out by the tracking code ELEGANT [22]. The phase space
rotation is such that the slice can be separated from the core
both angularly and spatially. To understand the separation
from the core, we draw a vertical line at about 15 μm from
the core indicating the 5σ separation boundary and calculate
the properties of the slice. We find in this case the center
of the slice is 38 μm from the core, while the rms size of the
core is 3.3 μm. Thus the spatial separation is more than 10

FIG. 15. Vertical cuts of the intensity distribution at the observation plane of the core (blue curve) and the satellite (red curve) using
different separation methods for 90° and 45° respectively. The green lines represent the apertures used to block the main part of the core
radiation for noise reduction. The power calculated is proportional to the area between the green lines. Upper-left figure: hybrid separation
at 90°. Upper-right figure: spatial separation at 90°. Lower-left figure: hybrid separation at 45°. Lower-right figure: spatial separation at 45°.

FIG. 14. Conceptual optical scheme of electron beam slicing
beam line at NSLS-II.
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times the core size. In addition there is a mixture of angular
separation of about 25 μrad to improve the separation. We
find the fraction of the slice separated is 2% in this case. The
slice size is 12.5 μm, larger than the core size of 3.3 μm.
The vertical emittance of the slice increases from 9.5 pm of
the core to 43.7 pm.
The rms slice length in this case is 320 fs, much larger

than the linac bunch length of 128 fs. This is because the
horizontal crossing time at the interaction point at 8.3 m in
Fig. 8. Since βx ¼ 3.8 m at this point, for horizontal
emittance of 1 nm, the rms beam size here is 61 μm
corresponding to about 200 fs crossing time. It is possible
to reduce the pulse length due to the crossing time by
reducing the crossing angle, for example from 90° to 45°
between the forward direction of the linac beam and the
storage ring beam. This is illustrated in Fig. 12 showing at
45° the linac bunch has a velocity component parallel to the
storage ring bunch making the slice shorter. The simulation
shows the bunch length is reduced to 150 fs at the expense
of only a small reduction of spatial separation from 38 μm
to 29 μm. In Fig. 13 we compare the phase space
distribution for the 90° crossing and 45° crossing. The left
plot is for the ðz; xÞ phase space with the color scale
representing the kick angle, clearly showing the tilted
distribution for the case of 90° gives longer pulse length
in the z direction. In the right of the plot we give the
distribution in ðz; y0Þ plane, showing clearly the reduction
of pulse length for 45° crossing. Table II gives the
comparison of quantitative analysis of these two cases.
The rms pulse length of the slice is reduced from 320 to
150 fs when the crossing angle is 45°. The data also give
other details about the slice generated. A more detailed
description of angled crossing will be given in a separate
paper [14].

B. Radiation separation

The thin slice bunch and core bunch pass through the
3 m long U20 in-vacuum undulator and radiate x-ray
pulses of length 150–320 fs (depending on the crossing
angle) and 30 ps respectively. Due to the spatial and
angular differences in vertical phase space of the two
bunches, the very short, satellite hard x-ray radiation can

be separated from the core bunch radiation with sufficient
signal to noise ratio (SNR). We propose a conceptual
optical scheme [23] shown in Fig. 14 allowing for the
separation of the satellite radiation from the core and
the transport of the short x-ray pulse to a sample. The
scheme includes a prefocusing compound refractive lens
or a mirror, a secondary source aperture and a final
focusing mirror. To get reliable estimates of the separa-
tion performances, a wavefront propagation study was
performed using the Synchrotron Radiation Workshop
(SRW) physical optics computer code [24].
Two methods are used to separate the radiations. One is

the pure spatial separation, and the other one is the spatial
and angular hybrid separation. The vertical cuts of the
intensity distribution on the observation screen are illus-
trated in Fig. 15 showing the separation of the core
radiation (the blue curve) and the satellite radiation (the
red curve) using different separate methods with crossing
angle 90°, 45° respectively. The separate performances on
the observation screen are shown in Table III. For example,
at 90° crossing angle, using spatial and angular hybrid
separation, the separate SNR is 12 and the flux per pulse
reaches 10000 photons=0.1%BW at the expense of rela-
tively longer 320 fs pulse length. Since the repetition rate
can reach 100 kHz as described in Sec. IV, the average flux
per second for this case can reach 1 × 109 photons=
sec =0.1%BW. At 45° crossing angle, the satellite hard
x-ray pulse 150 fs is much shorter. The smaller angular kick
results in a smaller SNR at 2.7. However, this SNR is
calculated based on an assumption that without considering
the time resolution of the detector, x-ray from all the core
electrons contributes to the noise. If a fast detector with a
time resolution around several picoseconds [2,25–27] is
used in the femtosecond x-ray diffraction experiment, the
SNR can increase significantly. For example, if the detec-
tor’s time resolution is 10 ps, then the SNR is increased to 8
at 45° crossing angle as shown in Table III. The data in
Table III indicate the SNR is around 5–12 and the average
satellite photon flux per second reaches 5 × 108–2 ×
109 photons= sec =0.1%BW depending on the separation
methods and the crossing angle between the slice bunch
and the core bunch.

TABLE III. Separation performances of hard x-ray synchrotron radiation from electron beam slices. Data are recorded at 7.8 KeVon
the observation screen.

Crossing
angle Separate type

Flux/pulsea

[photons=0.1%bw]
Fluxb

[photons= sec =0.1%bw]
Peak intensity

[photons= sec =0.1%bw=mm2] SNR
Pulse length

[fs]

90° Spatialþ angular 10 × 103 10 × 108 2.1 × 1010 12 320
Spatial 18 × 103 18 × 108 6.5 × 1010 5 320

45° Spatialþ angular 5 × 103 5 × 108 1.1 × 1010 8c (2.6) 150
Spatial 5 × 103 5 × 108 3.6 × 1010 8c (2.7) 150

aAssume NSLS-II’s revolution time is about 2.6 μs, then flux=pulse ¼ power × 2.6 μs.
bAssume the repetition rate of the low energy linac is 100 kHz, then flux ¼ flux=pulse × 100 kHz.
cWith 10 ps of the detector’s time resolution.
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VI. CONCLUSION AND DISCUSSION

In conclusion, our simulation of the low energy com-
pressor, the analysis of the phase space distribution of the
slice and the separation of the satellite x-ray radiation from
the core radiation have clearly confirmed the feasibility of
electron beam slicing approach as a new method of the
generation of short x-ray pulses. There is a trade off
between the cost and the x-ray pulse performances:
increasing the linac bunch’s energy and charge can increase
the kick angle and improve the hard x-ray performances.
Depending on the user’s detailed requirements, we can
adjust the linac bunch’s energy and charge to meet the final
required x-ray pulse length and flux. There is also a trade
off between the crossing angle and the pulse length and
signal noise ratio: reducing the crossing angle from 90° to
45° can significantly reduce the pulse length at the expense
of the signal noise ratio.
In future experiments, a possible issue will be the time

jitter between the low energy bunches and the lasers used in
a pump-probe experiment. For example, in Ref. [21] we
find it is possible to use a laser-optical synchronization
system to realize the time-resolved measurements with
femtosecond precision. Another possible issue is the use of
the low energy linac beam for the generation of THz signal
in the pump-probe experiments.
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APPENDIX A: PROFILE FUNCTION WHEN ρ ≫ 1

When ρ ≫ 1, the profile function Eq. (6) becomes

fyðρ ≫ 1; ū1 ¼ 0; ȳ1 ¼ 1Þ

¼
Z

∞

0

Re½WðiyÞ�½e−ðρy−ȳ1Þ2 − e−ðρyþȳ1Þ2 �dy

¼ 1

ρ

Z
∞

0

Re

�
W

�
i
y
ρ

��
½e−ðy−ȳ1Þ2 − e−ðyþȳ1Þ2 �dy: (A1)

Due to ȳ1 ¼ 1, the contribution of the factor ½e−ðy−ȳ1Þ2 −
e−ðyþȳ1Þ2 � to the profile function fy comes from y ∼ 1, then
we have y=ρ ≪ 1. This leads to Wði yρÞ ¼ 1. Then we have

fyðρ ≫ 1; ū1 ¼ 0; ȳ1 ¼ 1Þ

≈
1

ρ

Z
∞

0

½e−ðy−ȳ1Þ2 − e−ðyþȳ1Þ2 �dy

¼
ffiffiffi
π

p
ρ

erfð1Þ; (A2)

where erfðzÞ ¼ 2ffiffi
π

p
R
z
0 e

−t2dt.

APPENDIX B: EMITTANCE INCREASE

The emittance of individual particle is defined as

Jj ¼
1

2
ðγy2j þ 2αyjy0j þ βy02j Þ ¼

1

2β
½y2j þ ðαyj þ βy0jÞ2�

(B1)

and the beam emittance is

ε ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hy2jihy02j i − hyjy0ji2

q
¼ hJji: (B2)

Assume the particle’s emittance before and after kick are
respectively

Jj ¼
1

2β
½y2j þ ðαyj þ βy0jÞ2� (B3)

and

J1j ¼
1

2β
½y2j þ ðαyj þ βy01jÞ2�; (B4)

then the emittance increase for the individual particle can
be written as

δJj ¼
1

2β
½2αβyjδy0j þ β2ðy021j − y02j Þ�: (B5)

The emittance increase of the whole bunch is

δε ¼ hδJji ¼
β

2
hy021j − y02j i ¼

β

2
ðk2 − 1Þhy02j i; (B6)

where we use hyjδy0ji ¼ 0 and assume y01j ¼ ky0j.
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