
EMITTANCE MEASUREMENTS AT THE A0 PHOTO-INJECTOR
J.-P. Carneiro, H. T. Edwards, M. J. Fitch, W. H. Hartung

Fermi National Accelerator Laboratory,� Batavia, Illinois 60510 USA
M. Ferrario

INFN-LNF, Frascati, Italy

Abstract
The A0 photo-injector produces electron bunches of 1–
14 nC charge with an energy of 18 MeV. Detailed measure-
ments and optimization of emittance have been carried out
for a number of gun and laser operating conditions, beam
line optics conditions, and at a number of beam line loca-
tions. Results are compared with the predictions of simula-
tions using HOMDYN.

1 INTRODUCTION
The photo-injector consists of a 1.625-cell RF gun resonat-
ing in the TM010;� mode at 1.3 GHz. The gun contains
a high quantum efficiency Cs2Te photocathode. The UV
light is provided by a pulsed Nd:YLF laser. To confine the
space charge dominated beam, three solenoids (a primary,
a secondary and a bucking to zero the magnetic field on the
cathode) are installed around the gun and the beam is accel-
erated by a 9-cell superconducting cavity upon exiting the
gun. After the 9-cell, a magnetic chicane composed of four
dipoles allows longitudinal compression of the beam. A
quadrupole doublet and three quadrupole triplets are used
to transport the beam to a spectrometer at the end of the
beam line (z �= 11.2 m).

The predicted performance of the photo-injector is pre-
sented in [1]. For the measurements presented in this paper,
the RF gun’s pulse length was 30�s, the repetition rate was
1 Hz, and a train of 10 bunches was used, with charge up
to 12 nC per bunch. The longitudinal distribution of the
laser pulse had�t = 4.6 ps, as measured with a streak cam-
era. The 9-cell was operated with a useful pulse length
of 100�s, an accelerating field of 12 MV/m and 10� off
crest to minimize the energy spread. For a peak RF field at
the cathode ofE0 = 40 MV/m and a launch phase of�0 =
40� to maximize the energy at the exit of the gun, the total
energyEt and the relative energy spread� of a 1 nC un-
compressed beam were then measured atEt = 18.2 MeV
and� = 0.25%� 0.02%, in agreement with the HOMDYN
[2] simulation, which givesEt = 17.8 MeV and� = 0.25%.
In the following,Q is the charge per bunch,� is the rms
size (x or y) of the laser beam on the cathode, andIsol is
the current in the solenoids. The three solenoids were used
with the same current, implying a non-zero magnetic field
on the cathode (<7 mT) and a residual magnetic normal-
ized emittance [3]�magn

n;rms
<� 2�2. Due to the saturation

of the primary and bucking solenoids, the maximum ax-
ial magnetic fieldBmax

z produced by the three solenoids
presents a non-linear dependance w.r.t. the current above

�Operated by the Universities Research Association under contract with
the U. S. Department of Energy.

130 A: for Isol = 130 A,Bmax
z = 77.5 mT and forIsol =

260 A,Bmax
z = 132.5 mT.

2 MEASUREMENT PRINCIPLE
The emittance measurements were done using the slit tech-
nique: five actuator-mounted slit masks allow the measure-
ment of the vertical emittance�y at z = 3.7 m, and of both
�x and�y atz = 6.5 m andz = 9.6 m. The beamlets passing
through the slits are viewed with optical transition radia-
tion (OTR) screens located at a distanced = 384 mm,d =
1122 mm,d = 380 mm from the slits, respectively. The
masks consist of 6 mm thick tungsten slats with 50�m
wide slits spaced 1 mm apart. As presented in [4], we first
used a Matlab program to analyze each of the slit image and
compute the rms normalized emittance as given by HOM-
DYN and defined by [5] as:

�n;u = �

p
hu2ih(u0)2i � huu0i2 (1)

whereu represents the transverse coordinatex or y, �c is
the velocity of the beam, and
 is the Lorentz factor. This
method gave poor resolution (underestimating the emit-
tance) if the slits images were not clearly defined, which
was often the case in the measurements we made while
varying the photo-injector parameters. We then decided to
compute the emittance using

�n;u = �
�u�
0

u;slit (2)

where�u is the rms size of the beam at the slit location and
�0

u;slit is the divergence of the beam measured as the ratio
of one slit rms size divided by the distanced between the
slits mask and the OTR screen. A Gaussian fit was used to
obtain�u and�0

u;slit. All the results presented in this paper
were obtained using the definition (2).

3 OPTIMIZATION OF THE EMITTANCE
AT THE EXIT OF THE 9-CELL

All the measurements in this section were made atz =
3.7 m, which is at the exit of the 9-cell.

3.1 Launch phase
Figure 1 shows�y as a function of the gun launch phase�0
with Q = 1 nC,E0 = 40 MV/m and� = 0.7 mm. For each
value of�0, we measured�y as a function of the solenoid
current, and we show minimum values in Figure 1. Three
régimes can be seen: for�0 < 30�, we had to increase the
laser energy to keep a 1 nC beam, and then the emittance
increased; for�0 > 60�, the energy of the beam at the
exit of the gun was too low to allow a correct transport
to the spectrometer; for 30� < �0 < 60�, the emittance

XX International Linac Conference, Monterey, California

104MOB06



1.5

2

2.5

3

3.5

4

4.5

0

100

200

300

400

500

600

-100 -50 0 50 100 150 200 250 300

Charge held at 1 nC
Laser energy constant

Transmission before experiment
Transmission after experiment

N
or

m
al

iz
ed

 e
m

itt
an

ce
 [

π 
m

m
-m

ra
d]

N
orm

alized transm
ission of the charge [%

]

Launch phase [Degree]

Figure 1. Normalized emittance of a 1 nC beam versus gun
launch phase.

was nearly constant, between 2.8 and 3 �mm mrad. Thus,
we do not see an ideal phase that lowers significantly the
emittance, but rather a region (30� < �0 < 60�) for which
the emittance is low. In the following experiments, we have
chosen �0 = 40�.

3.2 Field on the gun
Figures 2 shows �y as a function of the solenoid current for
1 and 8 nC and E0 = 30, 35, and 40 MV/m. In all cases,
�0 = 40�; for Figure 2a, � = 0.8 mm; for Figure (2b), �
= 1.5 mm. We can see that the emittance of a 1 and 8 nC
beam at the exit of the 9-cell can be kept at the same mini-
mum value for E0 = 30, 35, and 40 MV/m, but at the price
of delicate tuning of the solenoid field while lowering E0.
Operating the RF gun at E0 = 30 MV/m presents the ad-
vantage of producing 4 times less dark current (�0.9 mA)
than at E0 = 40 MV/m. Due to the fact that the dark cur-
rent has never been a problem at A0, we did most of the
emittance measurements at E0 = 40 MV/m.

3.3 Charge
Figure 3 shows �y as a function of charge. Measurements
were done for Q = 1, 4, 6, 8, and 12 nC, �0 = 40�, and E0 =
40 MV/m. For each charge, we measured the emittance for
three different values of the laser spot size � on the cathode
and as a function of the solenoid current. Figure 4 shows
the measurements at 1 and 4 nC, and Figure 5 shows the op-
timum case of 8 nC (� = 1.5 mm), in good agreement with
the HOMDYN simulation. The values shown in Figure 3
are the minima relative to � and Isol . Thus, the optimized
emittance measured at the exit of the injector has a linear
dependence on the charge and agrees with the HOMDYN
simulation.

4 EMITTANCE ALONG THE BEAM
LINE

Table 1 shows the emittance of a 1 nC and 8 nC beam mea-
sured in three locations along the beam line and compared
with the HOMDYN simulations. We used the parameters
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Figure 2. Measurement of the emittance at the exit of the 9-
cell for (a) 1nC and (b) 8nC versus current in the solenoids
for three values of E0.
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Figure 3. Minimum normalized emittance at the exit of the
9-cell versus the charge per bunch.

of the RF gun and the 9-cell that gave the minimum emit-
tance at the exit of the 9-cell, as indicated in Figure 3.

For the 1 nC case: � = 0.8 mm, Isol = 260 A, and we used
the first triplet (z = 6.1–6.4 m) to optimize the transport
until the end of the spectrometer. For the 8 nC case: � =
1.5 mm, Isol = 245 A, and we used the first and second
triplets (z = 7.8–8.1 m) for the transport.

Table 1 shows that the emittance of a 1 and 8 nC beam
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Figure 4. Measurement of the emittance at the exit of the 9-
cell for (a) 1 nC and (b) 4 nC versus current in the solenoids
for three transverse rms sizes of the laser beam.
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Figure 5. Normalized emittance of a 8 nC beam versus
current in the solenoids.

Table 1. Emittance measurements at 1nC and 8nC for dif-
ferent locations along the beam line, with comparison to
HOMDYN simulations.

Emittance [� mm mrad]
z Q = 1 nC Q = 8 nC

Item [m] Meas Sim Meas Sim

�y 3.7 3.7 � 0.1 1.7 10.0 � 0.1 11.4
�x 6.5 5.0 � 0.2 1.5 11.6 � 0.5 12.2
�y 6.5 5.1 � 0.2 1.5 8.9 � 0.7 11.6
�x 9.7 6.8 � 0.2 1.0 14.4 � 0.5 11.5
�y 9.7 5.8 � 0.2 1.1 18.3 � 0.9 12.4

remains stable along the beam line. We can see also from
this table that the measured emittance of a 8 nC beam is in
good agreement with HOMDYN, but this is not true in the
1 nC case. Measurements of the beam envelope through the
beam line [6] also show good agreement with HOMDYN
at 8 nC but not at 1 nC. Work is in progress to understand
the disagreement with HOMDYN.

5 CONCLUSION
We have determined the parameters of the photo-injector to
produce and transport a low emittance beam with a charge
of up to 12 nC. The vertical emittance has been measured
at the exit of the 9-cell (z = 3.7 m) at �y = 3.7 � 0.1 �mm
mrad and �y = 19.9� 1.2 �mm mrad, for a charge of 1 and
12 nC respectively. The emittance measurements show a
good agreement with HOMDYN for a high charge but not
for a low one (<4 nC).
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