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Abstract

A new iron dominated single emittance compensation
solenoidal magnet was designed to be integrated with the
BNL/SLAC/UCLA 1.6 cell S-Band Photocathode rf Gun.
This emittance compensated photoinjector is now in oper-
ation at the Brookhaven Accelerator Test Facility. It has
produced a 0.329± 0.012 pC,τ95% = 10.9 psec elec-
tron bunches with a normalized rms transverse emittance
of εn,rms = 1.17± 0.16π mm mrad. POISSON field maps
were used with PARMELA to optimize the emittance com-
pensation solenoidal magnet design. Magnetic field mea-
surements show that at the cathode planeBz ≤ 10 G for a
peak magnetic field ofBz,max = 3 kG. Which is in agree-
ment with POISSON simulation. A single emittance com-
pensation solenoidal magnet will produces a initial angular
momentum of the electron bunch that manifests itself in a
initial magnetic emittance term that cannot be eliminated.
This magnetic emittanceεmag

n,rms scales as 0.010π mm mrad
G

at the cathode, which is in agreement with PARMELA
simulations. Experimental beam dynamics results are pre-
sented that shows relative angular rotation and spot size as a
function of cathode magnetic field. These results are com-
pared to theory.

1 INTRODUCTION

The BNL/SLAC/UCLA S-band emittance compensated [1]
photoinjector has been installed at the Brookhaven Accel-
erator Test Facility(ATF) as the electron source for beam
dynamics studies, laser acceleration and free electron laser
experiments. The 1.6 cell rf gun is powered by a sin-
gle XK-5 klystron, and is equipped with a single emit-
tance compensation solenoidal magnet. We have experi-
mentally investigated the physical consequence of this sin-
gle solenoidal magnet design as they relate to emittance
growth. The simulation results, mechanical design, theory
and experimental beam dynamics results of the single emit-
tance compensation solenoidal magnet are presented.

2 SIMULATIONS

POISSON [2] field maps were generated for a num-
ber of different emittance compensation magnet designs.
PARMELA [3] was then used to evaluate these designs
as a function of the minimum emittance attainable us-
ing the ATF beamline as a model. These field maps
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were developed using a Dirichlet boundary condition at
the cathode plane. Due to mechanical constraints of the
BNL/SLAC/UCLA 1.6 cell S-band rf gun [4], the compen-
sation magnet could not be positioned in the optimal emit-
tance compensation position but at the location shown in
figure 1 which gives a 15% higher emittance than the opti-
mum.
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Figure 1: PARMELA simulations of the normalized rms
emittance versus emittance compensation magnet position

3 SOLENOIDAL MAGNET DESIGN

The solenoidal magnet is constructed out of eight double
layer hollow core copper conductor pancakes. The flux re-
turn was manufactured out of 1006 steel, as are the seven
dipole field flux aligners [5]. These dipole field flux aligner
are used to eliminate any dipole fields that arise from the
current pancake asymmetries and misalignments during as-
sembly. Penetrations thru the flux return were designed
to have four fold symmetry. The external current conduc-
tors are fed to alternate sides of the solenoid to eliminate a
dipole contribution due to the individual pancake conductor
crossovers. A schematic drawing of the solenoidal magnet
is show in figure 2.

In the previous ATF emittance compensation magnet de-
sign the solenoidal magnet was an air core magnet. We
have extended this initial design that included dipole field
straighteners to incorporate an iron flux return that elim-
inates the need of a congruent magnet symmetrically lo-
cated upstream of the cathode to buck the cathode mag-
netic field to zero. The use of the magnetic flux return has
decreased the cathode magnetic field toBz ≤ 10 G for a
peak magnetic field ofBz,max = 3 kG as seen in figure 3.
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Figure 2: Compensation Magnet Design
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Figure 3: Magnetic Field Measurements

A bucking magnet is located at the upstream end of the
gun. It is only used for beam dynamics studies. Acos(θ)
deflection magnet is located in the emittance compensation
magnet bore. This deflection magnet is used for energy
measurements of the electron bunch energy at the exit of
the gun.

4 THEORY

In this section we will delineate the effect of the finite cath-
ode magnetic field due to the bucking magnet. There are
three effects that will studied first the relative angular rota-
tion due to the cathode magnetic field, spot size and finally
the normalized rms emittance due to this magnetic field.
From Busch’s theorem [6] we know that

θ̇ =
e

2γmo
(Bzo − Bz) (1)

whereBzo andro is the cathode magnetic field and laser
spot size. Integrating equation 1 we find that the angular
rotation as a function of cathode magnetic field varies lin-
early with the cathode magnetic field.

Scale = 1 mm

Figure 4: 8 fold symmetric beamlets

δθ =
∫

e
2βγmoc

dz Bzo (2)

Busch’s theorem can also be used to study the effect of
cathode magnetic field on spot size. Starting with the defi-
nition of x′

rms.

x′
rms =

px,rms

pz
=

vx,rms

βc
=

ero |Bzo |
4βγmoc

(3)

Which follows from the definition of rms velocities we
know that

vx,rms =

√∫ ∫
r2θ̇2 cos2(θ)rdrdθ∫ ∫

rdrdθ
(4)

Therefore, the rms spot size increases as|Bzo |

xrms =
∫

x′
rmsdz =

∫
ero

4βγmoc
dz |Bzo | (5)

The magnetic emittance scales asεn,rms ∝ r2o |Bzo | given
in equation 6 where we assume that the< xx′ >= 0.

εn,rms = βγ
√

< x′2 >< x2 > =
er2o |Bzo |
8moc

(6)

5 EXPERIMENTAL RESULTS

Due to the small but finite field at the rf gun cathode the
electron bunch are produced with a finite angular momen-
tum. We have measured the relative angular rotation due
to this finite field. In this experiment a 8-fold symmetric
mask [7] [8] was inserted into the the laser beam thereby
producing the laser profile on the cathode shown in figure 4.

The smallest beamlet located at 45o is used to break the
symmetry. In this way we were able to measure the beta-
tron rotation of the beam thru the solenoidal magnet which
was found to be approximately 90o. The 8-fold beamlet rel-
ative angular rotation was measured as a function of buck-
ing magnet field for point to point imaging of the 8-fold
beamlets from the cathode to a beam profile monitor lo-
cated 66.4 cm from the cathode. Figure 5 represents the
relative angular rotation of the 8-fold symmetric beamlets
due to the cathode magnetic field and has a linear depen-
dence predicated in equation 2.

The rms spot size as a function of cathode magnet field
was measured at both low and high energy. The functional
dependence of the high energy spot size data in figure 7
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Figure 5:Φrel(z = 0) versusBz(z = 0)

Experimental Result 0.010π mm−mrad
G

PARMELA 0.006π mm−mrad
G

THEORY 0.007π mm−mrad
G

Table 1: Comparison of experimental results, simulation
and theory for the emittance growth due to the cathode
magnetic field

has been fit to equation 5 with a minimum spot size oc-
curring with a cathode magnetic field of -5 G. The cathode
field with the bucking magnet off is +4 G. The low energy
spot size data in figure 6 is not fitted to equation 5 since the
beam is space charge dominated in the low energy regime.
Fitting this data with two linear functions has the minimum
spot size occurring at the -3.6 G. Which is consistent with
the high energy minimum spot size bucking field. This data
indicates that the cathode field can not be zeroed better than
the mechanical construction and alignment of the photoin-
jector itself.

Due to experimental instabilities it was not possible to
measure the emittance growth due to the induced cathode
magnetic field. From the spot size variation at high energy
due to the induced cathode magnetic field and the correla-
tion between spot size and measuredεn,rms [9], the emit-
tance growth as a function of cathode magnetic field can be
estimated. In table 1 the correlated experimental results
of εn,rms growth as a function of induced cathode mag-
netic field is presented along with PARMELA simulation
and theoretical [10] predications.

6 CONCLUSION

We have present the design and experimental results of a
single emittance solenoidal magnet. Relative angular ro-
tation, low and high energy rms spot size have been pre-
sented as a function of cathode magnet field. Mechanical
constraints limit the compensation magnet to a position that
is not optimal for the emittance compensation process. Re-
designing the waveguide feed into the full cell would cor-
rect this limitation in the injector design.
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Figure 6: Low energyRrms versusBz(z = 0)
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Figure 7: High energyRrms versusBz(z = 0)
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