$£29% %E 6
2005 4 6 A

mREYE S By HE

HIGH ENERGY PHYSICS AND NUCLEAR PHYSICS

Vol.29, No.6
Jun., 2005

Invetisgation of Thermal Emittance Measurement in RF Photoinjector *
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Abstract A new method for the measurement of the thermal emittance in the RF photoinjector is introduced in the paper. The mea-

surement are affected mainly by three factors which are the RF effect, the space charge effect and the error of measurement. Accord-

ing to the theory of emittance growth in the RF photoinjector and the simulation, a new method to eliminate the RF effect is proposed

for the thermal emittance measurement in RF photoinjector. Error of measurements is not included, and the space charge effect is also

ignored on the condition of the low charge operation mode.
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1 Introduction

The research on the RF photoinjector has being improved
mainly by application requirements of FELs. In the X-ray FEL
SASE projects, beams with its pulse width less than 1pm and
peak current of many kAs are required. High quality beam is
prominent to optimize the system performance for the coming
X-ray FEL projects such as TESLA!Y and LCIS*3!. So de-
veloping new technique for beams of low emittance and low en-
ergy spread for the short-wavelength FEL! applications is ur-
gent. The RF photoinjector can produce high quality beams,
and it is possible to conserve the quality along the beam line

[5:6] " Some investigations

by matching components carefully
have been carried out, especially simulations for this purpose.
Resulis of several simulations show that the normalized emit-
tance of lower than 1pm with the beam charge of 1nC can be
achieved on the 1.3GHz RF photoinjector at the moderate gra-
dient 40MV/m, and in general cases thermal emittance isn’t
included. Because of very small emittance required, the influ-
ence of the thermal emittance can’ t be completely ignored.

Therefore, the thermal emittance measurement is very impor-

tant for the further RF photoinjector development .
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2 Theory for thermal emittance

According to the definition of mms emittance, the beam
normalized emittance of RF photoinjector can be expressed

85[7] H

e=+/e5+Ne?, (1)
Where &g is the thermal emittance in the cavity, Ae is the

emittance growth due to the RF effect and the space charge

effect

Ae = /edp+ el
The thermal emittance in the high electric field in the

cavity can be estimated by'®:

R [w—e’
eth_Z«/g moc2 s (2)

where R is the laser radius on the cathode, Av the photo en-
ergy of the laser (v = 4.66eV, for the fourth harmonic of
Nd: YAG laser), and e$’ the work function of the cathode.
There exists a very strong electric field near the surface
of the cathode in the cavity, and the field can be treated as
constant when the pulse duration of the laser beam is signifi-
cantly less than the RF period ], Due to the Schotky effect,

the work function will decrease as following[lo] :
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where e is the work fuction of the cathode, E(MV/m) is the
amplitude of electric field near the surface of the cathode , ¢ is

' =ep—e

the injecting phase of the laser beam relative to the mi-
crowave .

For a Cs,Te cathode, its work function is: e =3.7eV.
When the injecting phase is between 50 and 80 degrees[g] and
electric field E =40MV/m, the thermal emittance is approxi-
mated to:

e[h(p.m)zO.SR(mm). (4)

In the following discuss, the injecting phase is fixed at
55 degrees. And the electric field near the surface of the
cathode is treated as constant, so it is the same case with the
thermal emittance. From Egs. (2) and (3), the thermal
emittance without the electric field effect is approximated to:

e%.(pm) ~0.3R(mm) . (5)

Comparing these two emittances, the difference exists.
But the former is more important and can be measured in the
experiment. And €Y can be obtained by measuring e,. ey,
will be discussed in the following.

For a given gradient and the pulse duration of the laser

beam, the relation between egr and R sl 101,

err=f(@, B)R?, (6)
where f( @, B) is the function of the injecting phase ¢ and
the solenoid field B.

Assuming the electron bean charge is Gauss-distribu-
tion, then the emiitance growth caused by the space charge

effect can be expressed[“] :

moc? Q c
el I, 50, + 30,

€gc = (% - %aresin%) , (D

where ¥ is the beam energy after cavities, E is the amplitude
of the electric field on the cathode surface, @ the beam
charge, I, = 17kA, o, and o, are the rms transverse and lon-
gitude radius respectively.

From Eq.(7), the space charge effect can be reduced
when the beam charge is low and that the RF field is high. So
the RF effect is dominant under such conditions. Fig.1 is the
simulated curve of the emittance versus the solenoid field at
different injecting phases from 15 to 55 degrees when the
space charge effect and the initial emittance are ignored in the
L-band RF photoinjecter. The results of simulation show that
f(@,B) isn’t constant, it changes significantly with differ-

ent ¢ and B, and can reach very high values sometimes. So

when the thermal emittance is measured in the RF photoinjec-

tor, the influence brought by egr must be eliminated.

emittance /mm.mrad

0.05 0.10 0.15 0.20 0.25
solenoid/T
Fig.1. The simulated curve of the emittance versus the

solenoid field B at different injecting phases from 15
to 55 degrees when the space charge effect and the
initial emittance are ignored.

Laser spot:radius = 1.0mm, pulse duration =
10.0ps, Gradient: E =40MV/m.

3 Simulation for measurements

When ignoring the space charge effect, from Egs. (1)
and (6), the total emittance can be expressed by:

(%)= (%) o mrRE (8)
R - R ¢’ *
where (%h ) =0.5 is constant

And the total emittance ¢, can be measured downstream
the gun by using multi-slit method.

If ¢ and B are invariable, f ( @, B) will also be con-
stant. When the series of measured emittances versus R are
measured, the thermal emittance over R can be obtained by
using the least square algorithmic.

When E = 40MV/m. ¢ = 55°, B = 0. 10T, and at
0.77m downstream the RF cavity f( ¢, B) is:

f(e, B) =0.5412mrad/mm. (9)

Table 1 shows the simulated results of the emittance ver-
sus R without and with the space charge effect when the beam

charge is 10pC.

2
Fig.2 is the simulated curve of ( %) versus R? without

and with the space charge effect when the beam charge is
10pC. From the curve, the relation of thermal emittance and

R can be described by:

(e—lgl) =0.5mrad
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Table 1. The simulated emittance versus R images of beamlets on the screen can be used to reconstruct

without and with the space charge effect.

R/mm 0.1 0.3 0.5 0.7 0.9
&,(0pC™)
0.051 0.171 0.338 0.567 0.864
/mm« mrad
€,(10pC)
0.149 0.227 0.368 0.585 0.876
/mm« mrad

% QOpC means ignoring the space charge effect

0 0.5 1.0 1.5 2.0

R*/mm?
e \2
Fig.2. Simulated curve of ( ?") versus

R? without and with space charge effect.

and
f((p, B) =0.5mrad/mm.

From the curve, though beam charge is as low as 10pC,
the space charge effect is also important when beam radius is
small. Space charge effects can be ignored when R > 1.0mm;
but space charge effect becomes obvious when R <0.5mm.

4 Measurement method

The multi-slit method is used to measure the emittance
in the photoinjector for it can mitigates the space charge ef-

2] The multi-slit method is usually arranged like

fects
Fig.3. The metal with many slits stops most electrons of the
beam. And other electrons pass through the slits forming

many beamlets, drift and hit the screen behind the slits. The

beamlet
slits intensity profile
. |
- . :T:I:
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Fig.3. Arrangement of emittance measurement.

the phase-space with the position of slits. And the emittance
of the beam can be calculated basing the phase space.

The slits are usually arranged with equal separation w
and equal width d. The thickness s of the metal should be as
thin as possible when signal-to-noise is enough. After the
slits, the space charge effect is significantly mitigated. When
ignoring the space charge effect, the movement of electron
can be expressed by:

X =%+ %02, x'=xy. (10)
On the screen after the slits, when

x0< <x0'L, (11)

where L is the distance between the slits and the screen then
xo, =z % . ( 12)

From Eq.(10), the phase space( xg, %' ) of the beam
on the slits can be obtained by the image of beamlets and its
position of the slits (Fig.4)[13] .

x'/mrad

x/mm

Fig.4. Phase space of the beam.

Because the shape of the phase space is unknown, the
number of the beamlets can’t be too small. More beamlets
should be employed to reduce the sampling error, the error
is:

Ae
€

where IV is the number of the beamlets.

< (13)

In order to keep the sampling error less than 10% , N
should be more than 10, and the beam radius on the slits
should also be more than 10w .

With the reconstructed phase space (Fig.4), the emit-

tance can be obtained by the following equation[ 11,

2IL8,> Zlmxmz}
= +

Elzms = ( )2{ m .
g 2L 2,
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2
. P , (14)
2, 2, >, }

where I, is the relative intensity of mth beamlet, B is the

electron velocity and
1
V1=

From the Egs. (13), (14) and Fig.4, the minimum

Y =

emittace for the measurement is approximated to:
eminz(ﬁ}’)lowﬁmin, (15)

4
7"
When the electron energy is 5SMeV, d = 10pm, w =

where 0, =

0.5mm and L = 1m, according to Eq. (15), the minimum
normalized emittace is 0.5mm.mrad. From Fig.2, the lowest
emittance to be measured is 0.5mm. mrad, so the measure-

ment meets the requirements.

5 Conclusion

Through the simulation, it is possible to eliminate influ-
ences of the RF effect and the space charge effect when mea-
suring the thermal emittance in the RF photoinjector. But in
the experiment, there are many other factors affecting the re-
sults, such as measurement’ s error, stability of the facility,

and etc.
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