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When a low energy electron bunch (~20 MeV) crosses from top of a high energy bunch (e.g., 3 GeV) at
an angle (e.g., 45°), the Coulomb force exerted on the high energy bunch by the low energy bunch will kick
a very short (~150 fs) slice from the core of the high energy bunch. The slice of electron bunch can
generate ultrashort x-ray pulse. In this paper, we will give analytical expressions about the angular kicks
dependence on the crossing angle by assuming a Gaussian distribution for the low energy bunch. Applying
the analytical results to the storage ring bunch in NSLS-II [1], we will discuss the optimized parameters of
the electron beam slicing system in order to obtain a very short slice bunch and a sufficient separation

between the slice and the core bunch.
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I. INTRODUCTION

With the rapid increase in the requirements for sub-
pic-second x-ray pulses in science, several approaches to
generate ultrashort x-ray pulses have been proposed.
Each of them has their own characteristics, for example,
the pulse duration from laser slicing [2-7] can reach the
order of 100 fs, the pic-second x-ray pulses generated by
the crab cavity method [8-10] have high average flux
(~10' photons/ sec /0.1%bw) and high repetition rate
(several hundreds MHz), the pulses produced from x-ray
free electron laser [11] are good at higher pulse energy and
shorter pulse width. The electron beam slicing method
[12,13] is a new method to produce ultra-short x-ray pulse
which has several features in space-saving, short pulse
duration (~150 fs), high flux (~10° photons/ sec /
0.1%bw), high repetition rate (100 kHz — 1 MHz) and
stability etc. The electron beam slicing method, as illus-
trated in Fig. 1, uses a focused short low energy
(~20 MeV) electron bunch to slice a short electron bunch
from the electron bunches in a synchrotron radiation
storage ring. When the low energy electron bunch crosses
from top of the high energy electron bunch at right angle,
its Coulomb force will kick a short slice of high energy
electrons away from the core of the storage ring electron
bunch. The separated slice when passing through an
undulator will radiate ultrashort x-ray pulses at about
150 fs.

In this paper we derive the analytical expressions for
the angular kicks dependence on the crossing angle induced
by the Coulomb force during the crossing time of the two
bunches. We discuss the parameter requirements of the
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electron beam slicing system, i.e., the low energy bunch
beam size and the crossing angle, in order to carry out
electron beam slicing experiment in the storage ring of
NSLS-II. We organize this paper as follows: In Sec. II, we
derive the vertical integrated angular kick as a function of
the crossing angle and the 3-D position of the storage ring
bunch which includes a profile function with three scaling
parameters. In Sec. III, the main performances of the
e-beam slicing method is illustrated through an example.
The conditions of the maximum kick and the estimated
slice bunch width are given. The influence of the low
energy bunch’s 3-D beam size and the crossing angle on the
maximum kick angle are then discussed in depth. The
dependence of the slice bunch width on the crossing angle
is also considered. In Sec. IV, we discuss the horizontal
kick and the longitudinal energy modulation. In Sec. V, the
reaction of the high energy storage ring bunch on the low
energy linac bunch is described. Concluding remarks are
given in Sec. VL

II. ANGULAR KICK 6,

For simplicity, we label the high energy storage ring
bunch as bunch 1 and the low energy linac bunch as bunch
2. We start from the Coulomb force exerted on the storage
ring electron 1 by the low energy electron 2, then derive the
vertical angular kick A6, generated by a point charge in the
low energy bunch 2. We assume the low energy bunch 2 has
a Gaussian distribution in x, y, z direction respectively and
obtain the angular kick 6, generated by the whole bunch 2
through integrating A6, over the 3-D electron beam
distribution of bunch 2.

A. Force exerted on the high energy storage ring
electron by the low energy linac electron

In Fig. 1, the high energy storage ring electron 1 moves
in the xoz plane along the direction which has angle ¢ with
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FIG. 1.

Ilustration of electron beam slicing.

axis “+x” with relative velocity ;. The low energy linac
electron 2 moves in the xoy plane along the “+x” direction
with relative velocity f,. The electric field at position
7, contributed by the electron 2 at position 7, can be
expressed by [14]

7 € 7 7
E= 7, 1
4-71'80 s3 (m)

where &, is the permittivity of free space,

S=\rx*+y*+z7* 7=7 —7. The corresponding

magnetic field can be calculated by ¢B = ,Bz x E. Then
the force exerted on electron 1 by electron 2 is

ﬁ:€E+eT)1XE

=e(1 — 1, cos (p)E + ef1 2 (cos pE, + sinE, )X,
(2)

where we use & x (¥ x E) = E.x — E, 2 x ( x E) = E.X.

We assume that when 7 =0 electron 1 locates at
position (xy,y;,z;) and electron 2 locates at position
(x2,¥2 +d, z5), where d is the vertical distance between
the high energy storage ring beam line and the low energy
linac beam line. Because vz, R C, U7, R C, at time ¢, electron
1 moves to (x; + ctcos @, yy, z; + ctsing) and electron 2
moves to (x, + ct,y, +d, z;). Inserting Eq. (1) into
Eq. (2), the force can be rewritten as

o [t Guasing)
F=tmms | (1 =pprcosonli. ()
[(1 = p1Bycos p)z]z

Using the coordinates x,, y,, z, of the storage ring bunch,
the forces exerted on the storage ring electron by the
linac electron in the horizontal, vertical and longitudinal
direction are F, = (F,sing—F,cosgp), F, =F,,
F, = (F,cosg+ F,sing), respectively. Therefore the
force, expressed in terms of the coordinates of the storage

ring bunch, is

F, , xsing + z(B1f, — cos @)

e "
Fy | = 4”€0§ y(1 —ﬁlﬁch'S(p) , (4)
F, (xcosg + zsing)

where x=—(x,—x;)—ct(l—cos¢p), y=—(y, —y;) — d,
7z = —(zp — 71) + ctsin@. Notice the force components in
the storage ring coordinate system is expressed in terms of
the low energy bunch coordinates.

B. Angular kick A6, by single low energy particle

We assume each low energy particle’s point charge is ¢,.
According to Eq. (4), the kick force on electron 1 in the
vertical direction y can be expressed as

€qr v
y:—ﬁs_é(l—ﬂ1ﬁ2COSfﬂ)(d+)’2—)’1)- (5)
The relation between the kick force and the kick angle can
be expressed as

do, E,do
F, = —2__—_ 6
y T g T (6)
where we use fg cO, dueto vz, ~ c, E; is the energy of the

storage ring electron 1 The angular kick A6, generated by
a point charge in the low energy bunch 2 can be obtained
by integrating df, = (cF,/E,)dt over the crossing time:

eqryrc [t dt
A, = 22/ (1 =piprcosp)(d+y,—y1)

dregE| |_o $3
_eqppZoc  p(1=pifacose)  d+yr -y
27E,  [y3(1 = cos ¢)? + sing]!/? a? '
(7)
where Z, = s(%c = 377Q and
2 %

73(1 = cos ¢)? + sin ¢?
X [(xy = x1) sin g + (22 = z1) (1 = cos ) ?
+ (d+y—y)™

In Eq. (7), we removed a minus sign for the A0, which is
due to the minus sign of Eq. (5). That means we define A6,
positive if the electron is kicked downward as shown
in Fig. 1.

C. Angular kick 6, by a Gaussian low energy bunch

We assume the low energy bunch 2 has a Gaussian
distribution in x, y, z direction and the RMS bunch size is
oy, 6y, 0, respectively. Integrating A6, over the whole low
energy bunch 2, we obtain the angular kick generated by
the low energy bunch on the storage ring electron as:
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Using the variable transform x, = v/26,x, y, = \ﬁo'yy,
75 = \/zazz, and the following defined scaling parameters:

_ V3 o2sin?p + 6%(1 — cos @)?
r= 73(1 = cos @)* + sin’g o3
5, = d—y
=
20

_ xysing + z;(1 — cos @)
i = ,
! V/26%sin?g + 262 (1 — cos @)?

(10)

the triple integral of Eq. (9) can be reduced to the double
integral:

oYty
IyZZﬁGXUZ//e ¥ -u? 2 Ldydu, (11)

where b? = (y +¥,)? + p*(u — it;)*. Using the integral

equation gfw;%ﬁzdx = Re[W(a + i|f])Sign(B)] with

W(u) = e “erfc(—iu) and error function erfc(x) =
\/L;fxm e~ dx, Eq. (11) can be written as

1 = 2000, [T ReW(in + i)
: 0
X [e=(ey=30" — =431 gy, (12)

We now transform the storage ring particle’s coordinates
from the coordinate system defined relative to low energy
bunch shown in Fig. 1 to the storage ring coordinate
Xps Vs Zr by using the  variable transform
X; = Z,CO08¢Q + x,.sin@, y| = y,, 21 = Z,SIN@ — X, COS ¢,

TP — _  z;sing+x,(1-cosg)
then #; in Eq. (10) becomes i1} = \/2¢;lsin2¢+;az(1—cos¢)2'
X z

Inserting Eq. (12) into Eq. (8) and using the previous
coordinates transform from x,, y, z; to x,, y,, 2, we obtain
the final angular kick 6, as:

0 _ ¢92%oC 72(1 = B1fa cos ¢) 1
Y 27E; \/y3(1 = cos @)’ + sinp V20,

fy(p’ﬁl’.)_jl)’

(13)

where f, gives the profile as a function of the high energy
electron’s position

Folorin3n) = / " Re[W(@, + iy)]

: 0
x [e=y=51)° — o=yt |qy. (14)

p- iy, yy are given by

_ 73 . o2sin’g + 62(1 — cos p)?
r= v3(1 = cos ¢)? + sin?p o2
- d— Yr
1= o

7 = z,sin@ + x,(1 — cos @) ' (15)
V/26%sin?g + 262 (1 — cos @)?

Equation (13) gives the angular kick as a function of the

electron’s 3-D position x,., y,, z, in the storage ring bunch 1.

The profile function Eq. (14) describes the profile of the

slice bunch and can be used to estimate the pulse width of

the slice.

III. NUMERICAL ANALYSIS

For this slicing method, we require that the vertical
angular deviation of the slice bunch is large enough for the
slice to be separated from the core bunch and the pulse
length of the slice is small enough to radiate femtosecond
x-ray. For the preliminary design, according to the kick
function Eq. (13), we can determine the requirements on
the low energy bunch performances, pick the interaction
position in the storage ring of NSLS-II and choose the
crossing angle between the two bunches.

The value of the kick angle in Eq. (13) can be separated
into two parts: the nominal kick angle

v2(1 = B1fa cos g) 1
27E1 \/y3(1 — cos @)* + sin’p 20,

eqrZyc
Y0 =

(16)

and the coefficient f,(p,#,,y,) which determines the
profile of the slice bunch. Equation (16) shows that the
nominal kick angle is proportional to the low energy bunch
charge, inversely proportional to the storage ring energy E;
and the vertical beam size o, of the low energy bunch. It
also depends on the crossing angle ¢, but is not sensitive to
the low energy bunch energy y, when it is much larger than
one. From the cost point of view, we prefer the energy y, of
bunch 2 as low as possible. Therefore in our discussion, we
choose E, = 20 MeV corresponding to y, ~ 39. The pro-
file function f,(p,;,y,) is basically a function of the
particle position x,,y,, z, of high energy electrons in the
storage ring coordinate system and the crossing angle ¢ of
the two bunches through the scaling function Eq. (15). The
profile function gives the maximum angular kick condition
and also describes the slice pulse width.
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In the following analysis, we first give an example to
explain what kind of performances of the e-beam slicing
method we can expect. Then we will discuss how the low
energy bunch size o,,0,,0, and the crossing angle ¢
influence the maximum kick angle 0y max and the slice width.

A. Numerical example

To estimate the possible range of the performances for
the e-beam slicing experiment, we give a numerical
example at NSLS-II [1] for the crossing angle ¢ = 90°.
We assume the kick point is at a position in the storage ring
where f, = 3.8 m, f, = 25 m, if the horizontal and ver-
tical emittance is &, = 1 nm, &, = 10 pm, respectively,
then the horizontal and vertical RMS beam divergence is
oy = 16 prad, o}, = 0.6 prad, respectively.

To separate the slice from the core bunch of the storage
ring we estimate that the vertical angular kick should be
more than 5 times larger than a),’ , e, 0, >3 urad.
We assume the 20 MeV low energy electron bunch with
charge of ¢, =200 pC is focused to the horizontal and
vertical beam size of o, = ¢, = 35 um, and compressed
to the longitudinal beam size o, = 35 pum, i.e., bunch
length of about 120 fs. As an example, taking the storage
ring energy as E; = 3 GeV, for crossing angle ¢ = 90°,
we find the nominal kick angle as 6,,(90°) =
¢pfoc 72 1 _ 24 yrad. The

27E, A /y%-&-l \/ZO'y

}’% 6%+63 .
P=Np T = 1.4. We choose the distance between
2 y

the storage ring bunch’s beam-line and the low energy
bunch’s beam-line as d = \/iay = 50 pm, which we find
to give maximum kick. Assume x, =y, =z, =0, ie.,
when the electron in the storage ring bunch arrives at the
origin of the coordinate system, the center of the low energy
bunch just arrives at the position on the top of the origin
by vertical distance d = 50 ym, then we have y; =1,
i; = 0, and we find f,, = 0.54. The kick angle is given by
0,(90°) = 6,0(90°)f, = 13 purad, much larger than the
required 3 prad for the separation from the core.

The width of the slice is estimated by the width in i1; of
the profile f at §; = I and the horizontal beam size of the
storage ring bunch adding in quadrature (we will discuss
the slice width in more detail later in Sec. III D). For the
above example 6, = 6, = ¢, = 35 um, at the kick point
with ., = 3.8 m and ¢, = 1 nm, the horizontal FWHM of
the storage ring bunch is about 145 ym and at p = 1.4 the
FWHM of i is 2.5. Then the estimated FWHM of the slice
bunch is about 227 ym which corresponds to 760 fs. As an
estimate, we use an aperture to select x-rays from those
electrons in the slice whose vertical angular divergence 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. We can

profile  parameter

see the contribution of the horizontal crossing time domi-
nates the pulse width. But, as we will discuss in more detail
later in Sec. III D, 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 i#; becomes important,
and we can reach the slice length of the order of 107 fs.

B. Profile function f,

To understand the relation of the angular kick and the
scaling parameters, we plot the function f, in Fig. 2 for the
case of p = 1.4. The plot shows the maximum point locates
ati; =0,y; = 1. A setof plots of f, as a function of y, at
u; = 0 for different p are shown in Fig. 3. The maximum is
always approximately at y; = 1. That means if we choose
the vertical distance between the two bunches center is
d= \/iay, the electron in the storage ring bunch located at
x,=0,y,=0,z, =0 will receive the maximum kick

0y max- The value of the maximum kick can be adjusted

through the scaling parameter p by changing the crossing
angle ¢ and the low energy bunch size o,, ¢, .. We also
plot the profile of f as a function of &, for y; = 1 in Fig. 4
for different p. The width in #, of the profile f, at y; = 1
can be used to estimate the width of the slice.

FIG. 2. Profile function f,.

S
1.0

WA
;

FIG. 3.
=1L

Profile on axis i#; = 0. The maximum f, locates at
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FIG. 4. Profile on axis y; = 1. Show that decreasing p will
advantage to increase the pulse width.

C. Maximum kick value 6, ..

According to the previous discussion, if we design the
distance between the low energy bunch’s beam line and
the storage ring beam line d = \/ioy and when the two
bunches’ centers arrive at x, =0,z, =0 with only a
vertical separation d that means we have y; = 1,i; =0,
then the vertical kick reaches maximum 6, ., = 6,(x, =
0.y, =0,z, =0) =0,0f(p,it; =0,9; = 1). The maxi-
mum kick angle 6, ., is still a function of the low energy
bunch’s 3-D beam size o,, 6, 6, and the crossing angle ¢.
In this section, we will discuss the dependence of 0, . on
0,,0,,0, and ¢, and find out the relative importance of
0., 0y, o at different crossing angle. Based on the practical
performance of the low energy linac compressor, the 3-D
beam size o,,0,, 0, discussed are from 25 ym to 45 pm.
The crossing angle discussed is from 0° to 90°.

We plot the maximum kick 6, . as a function of the
crossing angle ¢ for the low energy beam size 6, =06, =0,
in Fig. 5. The kick angle increases with the increase of the
crossing angle when ¢ > 5°. And the plot also shows that
the smaller the low energy beam size is, the stronger the
kick is. In order to make the relation between the low
energy beam size and the slice kick angle more clear, we
also plot the dependence of the maximum kick angle on the
beam size for different crossing angles in Fig. 6.

In general, we need large kick angle, then we need small
3-D beam size o,, 0,, 0, and large crossing angle ¢. If we
consider the relative importance of the 3-D beam size to the
kick value, we will notice that in Eq. (15) the vertical beam

y.mn Lurad] o [am]

20 o= 35um ~
15 o =25um
o\

5 L

40

0

0 20 40 60 o ¢ ldesl

FIG. 5. The maximum kick angle 0, ., as a function of the

crossing angle ¢ for different beam size ¢ when o = 6, = 6, = 0.

6, max [urad] ¢ [deg]
25

20

15

10

5

o [pm]

0
20 25 30 35 40 45 50

FIG. 6. The maximum kick angle 6, ,, as a function of the

beam size ¢, = o, = o, for different crossing angle ¢.

size o, of the low energy bunch and its other two beam size
o,, o, locate at different positions in the scaling parameter
p, and in the nominal kick function Eq. (16) only the
vertical beam size o, appears. In addition, we remark that
the crossing angle ¢ influences the relative importance of
o, and o, to the scaling parameter p.

With the vertical beam size o, fixed, we found in the
range of crossing angle 0°-90°, to obtain the same kick
angle smaller o, is more efficient than smaller o,. To see
this, we choose ¢, = 35 ym as an example, and then we
plot several contour figures of the kick value as a function
of the longitudinal and horizontal beam size o,,c, for
different crossing angle ¢ = 22.5°, 45°, 67.5°, 90° in Fig. 7.
The color represents the values of the kick angle. The more
it is close to the yellow, the larger the kick angle is. The
same black dash lines present the same kick values and the
slope of the dash line indicates which beam size influences
the kick angle more. The steeper the slope is, the less
important o, is while the more important o, is to the kick.
For example, the top-right plot (¢ = 45°) in Fig. 7 shows
that to obtain the same kick angle it is more efficient to
short the low energy bunch’s longitudinal beam size o, than
to short its horizontal beam size ¢,. While the bottom-right
plot (p =90° in Fig. 7 indicates that the longitudinal
beam size o, and the horizontal beam size ¢, have the
same importance to kick angle when the crossing angle
is ¢ = 90°.

The relative importance between the vertical beam size
o, and the other two beam size o,,0, is complicated.
Therefore we limit our discussion in the practical range
of 25 ym—45 um for the 3-D beam size. To figure out the
relative importance of o, and o, we do the following
scanning: (i) First we fix the value of o, and plot the
contour plots of the kick angle as a function of ¢, and &, for
different crossing angle ¢ = 22.5°, 45°, 67.5°, 90° with Oy
(ii) Then we scan o, from 25 ym to 45 ym with the step
size 1 ym to plot the corresponding contour figures as
step 1. Comparing these contour plots, we find that with the
increase of the crossing angle the slope of the contour line
will rotate clockwise. That means the importance of o6, to
the kick value is gradually increasing while the importance
of o, is decreasing with the increase of the crossing angle.
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45

35r

Ox[pm]

Ox[pm]

0, [um]

FIG. 7. .

Ox[um]

Ox[pm]

Kick angle contour for 6, = 35 um. These pictures show the contour of the maximum kick angle 0, ., as a function of the

longitudinal and horizontal beam size o, o, for different crossing angle ¢ = 22.5°,45°, 67.5°, 90°. The color represents the values of the
kick angle. The more it is closer to the yellow, the larger the kick angle is.

We also find the influence of the horizontal beam size o,
on the rotation and the relative slope value can be ignored
in the discussed range of 25 ym—45 um for the 3-D beam
size. As an example for 6, = 35 um, the contour plots of
the kick value as a function of the longitudinal and vertical
beam size o, 6, for different crossing angle are shown in
Fig. 8. The clockwise rotation of the contour line clearly
indicates that to reach a kick value, for 45° crossing angle
smaller o, is more important than smaller 6, as shown in
the top-left plot of Fig. 8, while for 90° crossing angle to
short o, is more efficient than do o, as shown in the
bottom-left of Fig. 8. We do the same scanning process to
study the relative importance of 6, and o,. The results,
which are independent from the value of o, in the
discussed range of 25 ym—45 ym for the 3-D beam
size, show that a smaller vertical beam size o, is more
important to the kick value than a smaller horizontal beam
size o, for the crossing angle discussed. An example plot
is shown in Fig. 9.

Table I gives a conclusion about the relative importance
of the 3-D beam size to the kick value 0, ,,, for different
crossing angle situations, i.e., for 45° crossing angle, to
increase the kick angle shortening the longitudinal beam
size o, is the most efficient way and for 90° crossing angle
shortening the vertical beam size o, is more efficient than
shortening ¢, and ¢,. These conclusions are justified in the
range discussed around 25 ym—45 pym of 3-D beam size.
The characteristics of the low energy bunch’s 3-D beam
size with different weights on the kick value makes the
optimization of the low energy beam size more flexible. For
some examples in Table II, if we manipulate relative beam
size in different directions we can obtain different kick
values.

D. Slice width

The width of the slice beam is another important
parameter. From the expression of #; in Eq. (15), we have
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FIG. 8.

25 3b 3‘5 4I0 4I5
Oy [pm]

gy [pm]

Kick angle contour for 6, = 35 um. These pictures show the contour of the maximum kick angle 0, ., as a function of the

longitudinal and vertical beam size o, oy for different crossing angle ¢ = 22.5°, 45°, 67.5°, 90°. The color represents the values of the
kick angle. The more it is closer to the yellow, the larger the kick angle is.

_ 1—cosgp\?2 cosp — 1
Zr = U \/20-?( + 20'% <W) =+ (W X,
(17)

This equation shows the slice width is affected by two
independent terms: one term, being proportional to #;, due
to the vertical kick from the linac bunch and the other term,
being proportional to x,., 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
is Gaussian, and we also approximate the profile of #; as
Gaussian. Equation (17) shows the crossing angle ¢
influences the vertical kick term i; and the horizontal
crossing time term x,. 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. 10 showing for 45° crossing angle the
linac bunch has a velocity component parallel to the storage
ring bunch making the slice shorter. We display this effect
using the contour plots in Fig. 11 which shows the phase
space distribution with color scale representing the kick
angle for the 90° crossing and 45° crossing, respectively.
The parameters used to plot Fig. 11 are the same as the
example in Sec. III A. Using the same way in Sec. III A, the
estimated RMS value of bunch length decreases from
190 fs for 90° crossing angle to 107 fs for 45° crossing
angle at the expense of a reduction of the maximum vertical
kick angle 0, ., from 13 prad to 9 urad. More numerical
examples are given in Table II. In Fig. 12 we plot an
example curve about the variation of the estimated RMS
slice width with the crossing angle. When the 3-D beam
size of the low energy bunch keep the same value, the slice
width is independent of the charge of the low energy bunch.
Therefore the decrease of the kick angle because we choose
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45

Oy [pm]

FIG. 9. Kick angle contour for o, = 35 um. These pictures show the contour of the maximum kick angle 0, ,,, as a function of the
vertical and horizontal beam size o, o, for different crossing angle ¢ = 22.5°,45°, 67.5°, 90°. The color represents the values of the kick

o

angle. The more it is closer to the yellow, the larger the kick angle is.

a smaller crossing angle to shorten the slice width can
be made up by increasing the charge of low energy bunch.
At the same time, due to the space charge effects, with
increasing the charge of low energy bunch we also need to
increase the energy of low energy bunch to keep the same
3-D beam size.

TABLE 1. The relative importance of the 3-D beam size
oy, 0y, 0, to the kick angle for different crossing angle, i.e., 6, <
o, = o, means that to reach a kick value smaller vertical beam
size o, is more important and the longitudinal and horizontal
beam size o,, 0, has the same weight on the kick value.

crossing angle relative importance

o
22(.)5 o, <0y, <0,
45 o, <o, <0,
62.5° oy, <o, <0,
O J—
90 6, <0,=0,

IV. HORIZONTAL KICK 6., AND LONGITUDINAL
ENERGY MODULATION Ay

When the low energy linac bunch crossing pass through
the high energy storage ring bunch, except the vertical
kick 6, the storage ring bunch also experiences the
horizontal kick 6, and the longitudinal energy modula-
tion Ay induced by the low energy bunch’s electromag-
netic field.

A. Horizontal kick 6.,

According to Eq. (4), the horizontal kick force on storage
ring electron is expressed as

= :ﬂ—q;% [(x; —xo) sing + (2 — 22)(B1> — cos @)
+ ct(B1 > — 1) sing). (18)

120704-8



DEPENDENCE ON CROSSING ANGLE OF ELECTRON BEAM ...

Phys. Rev. ST Accel. Beams 17, 120704 (2014)

TABLE 1I.
situation in Sec. IIT A.

Kick parameters for different crossing angle and different low energy beam size for the example

Case @ [0] Oy [/"m] O'y [ﬂm] o, [.“m] ay,max [ﬂl‘ad] ax,max [,Mrad] TRMS [fS] Agy,kick [%sy] ASx,kick [%Ex]

1 45 30 35 35 9.92
2 45 35 30 35 9.60
3 45 35 35 30 9.25
4 45 35 35 35 9.00
5 90 35 30 35 14.0
6 90 30 35 35 13.5
7 90 30 35 30 14.0
8 90 35 35 35 13.0

8.7 100 51.2 0.4
8.1 105 50.5 0.4
8.0 106 47.6 0.4
7.9 107 45.7 0.4
13.0 185 183 1.0
12.9 185 169 1.0
13.6 179 177 1.0
12.3 190 163 1.0

Following the similar process of deriving the vertical kick
Hy, we have the horizontal kick function as follows:

_eqyZoc (1 =cosg)[l +y3818, + (1 —13) cos g]

exr =

27k, 127/ 73(1 = cos )? + sin’p

1
X
V2[62sinp + 62 (1 — cos @)?]

Xfx(p’ ﬁl’yl)

(19)

with the profile function

Slice is shorter .
Sliced electrons

x (horizontal)

N A

Low energy electrons

—
z (longitudinal)  High energy electron
90° crossing 45° crossing —

FIG. 10. Tlustration of using 45° crossing to reduce crossing
time and reduce the slice pulse length.

felp. iy, 5,) = Am Re[W (=¥, + iu)]

X [e—(,!,'f‘ﬁl)z _ e_(g_ﬁ‘)z]du

(20)

and the same scaling parameters p, i1, y; as 6, in Eq. (15).
Notice that the horizontal profile function f, is different
from the vertical profile function f in Eq. (14). The plot of
the profile function f, in Fig. 13 shows the maximum
and minimum kick value located at y;, = 0,i; = —1 and
y1 =0, u; = 1, respectively. We also plot the profile f, asa
function of #; on axis y; = 0 in Fig. 14 and as a function of
¥, on axis ity = —1 in Fig. 15. Figure 14 and Fig. 15 are
different from the vertical kick’s plots Fig. 4 and Fig. 3 in
their dependence with the scaling parameter p. With the
increase of p, f increases, while f, decreases. The increase
of the angular divergence increases the emittance of the
storage ring bunch and then sets limitation on the system’s
repetition rate [13]. For the parameters in the example in
Sec. Il A, the maximum of the horizontal kick angle is

g R
400 -400 -200 ) 200 400
Zy[um] zy [um]
FIG. 11. Contour plots of the kick angle in xz phase space cutting at y = 0 for different crossing angle ¢ = 90°, ¢ = 45°. Show the

reduction of the crossing angle can reduce the slice width induced by the crossing time.
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AT RMS [fS]
200

150 |-
100

50+

L L L L o
0 20 40 60 80 (P[]

FIG. 12. Estimated slice bunch width zgyg is reduced with the
decrease of the crossing angle ¢.

FIG. 13.

Profile function f,.

Sx

0.1

s 17

-05 1.6

FIG. 14. Profile on axis y; = 0. The maximum f, locates at
i, = —1. Large p corresponds to large f,.

12 prad for 90° crossing and 7.9 urad for 45° crossing.
The estimated horizontal emittance increase due to the
horizontal divergence increase is 1%e¢, for 90° and 0.4%e
for 45°, respectively. The horizontal emittance increase is
much smaller than the vertical emittance increase due to
the vertical divergence increase which is 163%e, for 90°
and 45.7%e, for 45°, respectively. More numerical exam-
ples are given in Table II. Therefore the repetition rate

FIG. 15.
fre

Profile on axis #; = —1. Large p corresponds to large

of the e-beam slicing system is limited by the vertical
emittance increase and the horizontal angular divergence
increase can be ignored.

B. Longitudinal energy modulation Ay

According to Eq. (4), the longitudinal force exerting on
the storage ring bunch by the low energy bunch can be
expressed as

_enn
o 47[80 S3

+ (z1 —z0)sing + ct(l —cosg)].  (21)

X (1) = ) cos ¢

The energy change induced by the longitudinal force F, is

F F
& dz, == dt. (22)
mc

dy, = —~
71 mcz

We integrate dy, over the crossing time to obtain the energy
modulation Aypin charge induced by a point charge in the
low energy bunch 2. Then we integrate Aypgin charge OVET
the whole low energy bunch 2. Finally, we obtain the slice
energy modulation induced by the low energy bunch’s
longitudinal force exerted on the storage ring bunch as
follows:

Ay = — eqyZoc  [y5(1 —cos @) + cos ] sin @
2ame* "y, /731 = cos @) + sin’g
1
X X folp.ur,y
V/2[62sin?¢ + 62 (1 — cos ¢)?] Ao 1)(23)

where f,(p,@;,y;) is given by Eq. (20). For the beam
parameters in the example in Sec. Il A, the maximum
energy modulation is Ay = 0.072 at 90° crossing and
Ay =0.11 at 45° crossing. Therefore compared with
y = 6000(3 GeV), the energy modulation induced by the
Coulomb force can be ignored.
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V. REACTION OF STORAGE RING BUNCH
TO LINAC BUNCH

To calculate the reaction of high energy bunch to low
energy bunch, we use Eq. (13) and change notation. Now
“2” refers to high energy bunch and “1” refers to low
energy bunch. Then for the high energy bunch, the axis
“+x,” “+y” and “+4z” are the longitudinal, vertical, and
horizontal direction, respectively. Here, we use the beam
parameters in Sec. III A as an example to explain that the
reaction can be ignored.

At the kick point, the relevant parameters of the high
energy bunch are o, = 15 ps x 3 x 108 m/s = 4.5 mm,
0,=V25mx 107" m=158um, 6,=v3.8mx 107 m=

61.6 um, g, = %&)63”5 = 1.3 nC (For beam current of

0.5 A, assume 1000 bunches, with the revolution time of
2.63 us, we have the bunch charge as 1.3 nC),
E, =20 MeV, y, = 52551 = 6000. In order to estimate
the maximum reaction, we choose crossing angle ¢ = 90°,

o\ __ Zyc 2 1 -y 5 —
then 6,(90°) = %\/ﬁﬂ@ X fy(p. iy, ) = 0.05x
fy(p iy, 1), where f,(p,it;,y;) is the profile function.
For this storage ring bunch, the profile parameter

_ 7 ool
P= y%il T
as Sec. [IT A, then &#; = 0,y; = 1. When p > 1, the profile
function Eq. (14) becomes

= 285. We choose the same situation

fy(p > 1707)_)1 = 1)

= /m Re[W (iy)][e"?»=51)" — e=(eyt31)°|dy
0

1 [ . :
= _/ Re [W<,X>} [~ — =431 gy, (24)
P Jo P

Due to y; = 1, the contribution of the factor [e‘(y‘y 0 —
e~0t91)°] to the profile function f , comes from y ~ 1, then
we have y/p < 1. This leads to W(i/’—)’) = 1. Then we have

1 [ - -
fylp>1,0,5,=1) z;A [e—(_v—m)z — e—(y+y1)2] dy

_ */7’? erf(51). (25)

where erf(z) = % i e~ dt. Therefore, the profile function
fy(p=285,1; = 0,5, = 1)~ 0.0052 and the reaction
angle on the linac bunch from the storage ring bunch is
0,(90°) =0.087 x f,(p =285,i1; = 0,5, = 1) = 0.26 [urad].
We assume the longitudinal beam size of the linac bunch
is 35 ym. Then during the interaction time, the linac
bunch’s position will be changed about 0.016 ym in
vertical direction which can be ignored when compared
with the vertical beam size 35 ym.

VI. CONCLUSIONS

We presented formulas in Eq. (13), Eq. (19), and
Eq. (23), which can be used to study the characteristics
of the electron beam slicing. The slice bunch’s profile is
described by the profile function f, f,. The maximum kick
angle and the slice width can be manipulated through the
low energy beam size o,, o,, 6, and the crossing angle ¢.
With the variance of the crossing angle ¢, the relative
importance of the low energy beam size o,, 6,, 6, will be
varied. Decreasing the crossing angle ¢ can significantly
shorten the slice width at the expense of lowering the
maximum kick angle 6, ... Because the slice width is
independent of the charge of the low energy bunch, the
decrease of 0, ,,, induced by the reduction of ¢ can be
compensated by increasing the charge and the energy of the
low energy bunch while keeping the same 3-D beam size.
The influence of the horizontal angular divergence increase
of the slice can be ignored, because the limitation of the
system’s repetition rate is set by the vertical emittance
increase. The energy modulation of the slice induced by the
kick is very small and can be also ignored. The reaction of
the storage ring bunch on the low energy linac bunch can be
ignored due to the small position change of the linac bunch
included by the reaction. The formulas and the results
present here are applied to the study of electron beam
slicing in NSLS-II [13] and also are used to determine the
target parameters of the low energy bunch to guide the
design of the linac compressor [15].
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