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Based on the multi-slit method, a new method is introduced to measure the non linear force caused emittance

growth in a RF photoinjector. It is possible to reconstruct the phase space of a beam under some conditions by the

multi-slit method. Based on the reconstructed phase space, besides the emittance, the emittance growth from the

distortion of the phase space can also be measured. The emittance growth results from the effects of nonlinear force

acting on electron, which is very important for the high quality beam in a RF photoinjector.
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1. Introduction

The research on RF photoinjector is promoted
mainly due to practical requirements for free electron
lasers (FELs). Beams with pulse duration of less than
1pm and peak current of several kA are required in the
x-ray FEL SASE projects.[!"?] High quality beams are
crucial to optimizing the system performance of many
x-ray FEL projects such as TESLAY and LCLS.[2:3]

Some new technologies need developing as the
short-wavelength FEL[! in their practical applica-
tions requires the beams to have low emittance and
low energy spread. The RF photoinjector can pro-
duce such high-quality beams, as well as maintain
the beam quality along their propagation path by
matching components carefully.!®6! Many investiga-
tions have been made especially by use of simulations.
Beam simulations show that the nonlinear force can
affect the final emittance significantly. For example,
the emittance can reach a very low value when a uni-
form distribution of beam is chosen as its initial dis-
tribution. This phenomenon has been demonstrated
in the experiment on the Telsa Test Photoinjector

(TTF).1
2.Physical model

The transverse movement of electron in a RF pho-

toinjector can be described[”! by the following equa-

tion:
dp,

dz

where p, = Bvr’ is the normalized transverse momen-

= N(z,0)r + ar?, (1)

tum of electron, N(z,¢)r denotes the linear force act-
ing on an electron, and ar? the nonlinear force.

A beam can be separated into several small beam
slices at different times. The movement of electron in

a single beam slice can be described by!®—10!

dprO

0~ Nz, )0 +art, (2a)
dAp,
dp = (N(z,¢) + 2ar;)Ar, (2b)
z

where (pr0,70) is the phase space centre of the beam
slice, and (Ap,, Ar) is the phase state of the electron
in the beam slice, which are related by the following

relations hips:

Pr=pr0+ Apm
r=rg+ Ar. (3)

Equations (2) and (3) show that the nonlinear force
does not affect the phase space of the beam slice, but
changes its centre position. Because Eq.(2b) is a lin-
ear equation, the movement of electron in the beam

slice can be simplified as

AP, =~ AAry,
Ar = BAry, (4)
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where Arg is the initial position of the electron inside

the beam slice.

The solution of the Eq.(2a) can be expressed as

Py~ Arg + A'r2,
ro &~ Brg, (5)

where A’ ~ A2 f adz describes the effect of the non-

linear force.

Based on the definition of the rms emittancel*1:12]
the rms emittance of the beam slice £g4j;.c can be ob-

tained from Eq.(5), then
6SIice ~ Eg + AI232 <T(2)> <TE4)> ) (6)

where ¢ is the initial emittance of the beam.

The rms emittance of the whole beam &, can be

obtained by integrating Eq.(6), and it is

s el + ((42) (B?) = (AB)?) (1)
+{(4%) (B%) (rg) (1) - (7)

It can be concluded from Eq.(7) that the first part
of the beam emittance is due to thermal emittance,
the second part originates from linear-force-induced
emittance growth, and the third part stems from non-
linear force. When the nonlinear force is ignored, then
A’ = 0in Eqs.(6) and (7), and the third part in Eq.(7)

vanishes.

In order to show how the nonlinear force makes
the emittance grow, the thermal emittance and the
emittance growth due to the linear force are ignored.
On the assumption that N(z,¢) = —1.0 for the whole
beam the initial phase space is shown in Fig.1. The
phase space of the beam after the acceleration without
the action of nonlinear force at @ = 0.0 is shown in
Fig.2. There appears no distortion of the phase space
under the above condition as shown in Fig.2. The
phase space of the beam that is accelerated under the
action of nonlinear force at a = 0.05 is shown in Fig.3.
Though the area of the phase space is also kept to be
zero, the rms emittance increases significantly due to

the distortion of the phase space as shown in Fig.3.
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Fig.1. Initial phase space.
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Fig.2. Phase space of accelerated beam without the

action of nonlinear force.
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Fig.3. Phase space of accelerated beam with the ac-
tion of nonlinear force. dotted: phase ellipse, solid:

phase space.

3. Simulation

The nonlinear force acting on electron results
mainly from the space charge effects in a RF pho-
toinjector especially near the cathode. The nonlinear
space charge force is dependent upon beam distribu-
tion. The nonlinear part of space charge force is con-
siderably small compared with the linear part when

the beam charge is of uniform distribution, and the
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influence of the nonlinear part is significantly obvi-
ous when the beam charge is of Gaussian distribution.
The simulated phase space of the beam (beam charge:
1nC) with the initial distribution being uniform dis-
tribution on the software ASTRA is shown in Fig.4,
the final emittance is only 1.6m-mm-mrad. The sim-
ulated phase space of the beam (beam charge: 1nC)
with the initial distribution being Gaussian distribu-
tion is shown in Fig.5. It can be seen that the phase
space is significantly distorted, and the rms emittance
is 9.47m-mm-mrad. Their phase space centres are shown
in Fig.6 and Fig.7 respectively. The phase space cen-
tres are in line for the case where the initial distribu-
tion is uniform distribution, but out of line for the case
where the initial distribution is a Gaussian distribu-
tion. The phase ellipse of the beam is shown in Fig.7,
and the corresponding emittance growth from the dis-
tortion is 8.87-mm-mrad. So the emittance growth
is 9.4m-mm-mrad with the initial distribution being a
Gaussian distribution, which is much bigger than that

with the initial distribution being a uniform distribu-

tion.
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Fig.4. Phase space of the accelerated beam with the
initial distribution being a uniform distribution.
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Fig.5. Phase space of the accelerated beam with the

initial distribution being a Gaussian distribution.
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Fig.6. Phase space centre of the accelerated beam
with the initial distribution being a uniform distribu-

tion.
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Fig.7. Phase space centre of the accelerated beam with the

initial distribution being a Gaussian distribution.

4. Measurement method

The multi-slit method is widely used in the emit-
tance measurement in a RF photoinjector.'%13] The
emittance measurement by the multi-slit method is
usually arranged as shown in Fig.8, in which the metal
with many slits can stop most of electrons out of the
beam, but let other electrons pass through the slits to
form many beamlets, drift and then hit on the screen
behind the slits. The images of beamlets on the screen
can be used to reconstruct the phase-space and mea-
sure the emittance of the beam. After the slits, the
space charge effect is significantly mitigated. When
ignoring the space charge effect, the movement of elec-

tron can be expressed as
T =9 +xh2, T =z (8)
On the screen after the slits, when

zo < z,L, ©))

where L is the distance between the slits and the
screen, then
zy ~ z/L. (10)
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From Eq.(10), the images of beamlets on the
screen can be used to construct the phase space
(zo, () of the beam on the slits with the positions
of the slits (as shown in Fig.8).
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Fig.8. Arrangement of multislit-emittance measurement.
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Fig.9. Schematic phase space of the beam.

According to the definition of the rms emittance,

the measured emittance is
I m072n I m:z:fn
2 - m m
rms ~ Z Im E Im
m m

3

where I, is the integrated detected intensity of the
mth beamlet, (x,,,z,, ) is the phase centre of the

beamlet, and 8,, is the divergence of the beamlet.

In Eq.(11), the first part comes from the area of
the phase space, the second part originates from the
position (z,,,xz!,) of the beamlet phase space. The
second part means the distortion of the phase space

due to the effects of the nonlinear force.

If the centres of the beamlets’ phase space are in
line, the second part of rms emittance vanishes. Thus
the rms emittance stems completely from the area of

the phase space, which is expressed as

S 1,02, I,22,
6§hase = mZI mEI . (12)

If there exists distortion, even when 6,, = 0,
which means the area of the phase space is zero, the
rms emittance is not zero due to the distortion, and

the emittance growth from the distortion is

S Inx?2 > 1,22,
Yolm Yn

SNz x,
m

> Im

2 —
Edistorts —

(13)

5 Conclusion

With the linear force acting on the beam, the
phase space centres of the beamlets are in line, and no
distortion of the phase space happens.['41% But with
nonlinear force, the phase space centres of the beam
slices are not in line, and the phase space is distorted,
so is the corresponding emittance growth, which is due
to the nonlinear force.l'®! This can be measured by the
multi-slit method as defined in Eq.(13).

S Lax2 3 Iya2, S Il wm \
I SV Sy > In
(11)
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