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Abstract

High-intensity electron linacs have severe space-charge effects that lead to the production of
beam halo which degrade the beam quality. For a given charge per bunch, hollow beams have
a weaker nonlinear space-charge force. In this paper, we have investigated the possibility of
using hollow beam to control halo growth in linacs. We simulate the dynamics of such a
beam in a 17 MeV radio frequency linac using ASTRA beam dynamics code and show that
it experiences a smaller emittance growth as well as reduced beam halo. The results suggest
that using a hollow beam, high charge per bunch could be propagated and accelerated in a
radio frequency linac.

Introduction

Now-a-days, high-intensity, low emittance electron accelerators are required for many appli-
cations. One of the beam qualities demanded often for such advanced accelerators is the
brightness. The brightness depends upon current as well as emittance. For a free electron
laser (FEL), the electron beam emittance should be about A, the wavelength of the radiation.
Thus the emittance needs to be small for FEL operation at small wavelength. The current must
also be high to ensure enough gain. Thus, electron beams for FEL need to be of high bright-
ness. For application in high-energy physics, the high brightness is required to achieve high
luminosity. Also, laser-plasma wakefield accelerator, linear colliders, and accelerator for neu-
tron production require sub-picosecond high-brightness beam.

Sub-picosecond electron beam can be generated either using the pico- to femto-second
laser or magnetic bunch compression, but they are either limited by the total charge or
the emittance growth. Experimental observations and multiparticle simulations indicate
that nonlinear space-charge forces of such high-intensity beams in accelerators develop a
low-density halo at the periphery of the central core of the beam. They contribute to
shape the beam density profile. This outer part of the distribution will lead to particle
loss and hence degradation of accelerator components. The major challenge is to control
the beam profile. Collimation of beam halo will not solve the problem because the halo
may re-develop after further propagation (Allen and Wangler, 2002; Nghiem et al., 2011,
2012; Wittenberg, 2014).

There are many reasons for the formation of beam halo-like mismatch of the beam with
the accelerator structure, transverse-longitudinal coupling in the RF (radio frequency) field,
aberrations of focusing elements, Coulomb scattering within the beam and residual gases,
and nonlinear space-charge forces (Fedotov et al, 1999; Allen and Wangler, 2001;
Fedotov, 2003). Over the years, theoretical studies and numerical simulations on the physics
of beam halo has been extensively performed. In the low-energy region, electrostatic repul-
sion among particles become prominent (Chao et al, 2003; Reiser, 2008; Stupakov and
Huang, 2008; Wang, 2009). An obvious way to suppress these space-charge forces is to
choose a beam distribution with a lower degree of space-charge nonlinearity. It is well
known that a hollow beam has lesser space-charge force than a uniformly distributed
beam (Humphreis, 2002; Pathak and Krishnagopal, 2015; Dash et al, 2016). To study
beam halo in electron and proton beams, various experiments have been conducted. In
ELSA photo-injector, by varying the focusing strength of anode coil and bunch charge of
the electron beam, halo has been observed and gradual change in beam profile is noticed
(Haouat et al., 1995). Similarly at Los Alamos, proton beam-halo experiment in a 52-quad-
rupole periodic-focusing channel has been conducted and the results are qualitatively con-
sistent with the particle-core model of halo formation in mismatched beams (Colestock
et al., 2000; Wangler and Qiang, 2002).

In this paper, we discuss beam halo induced due to intense space-charge effect in an elec-
tron linac. The paper is divided mainly into two sections. In the first part, description of accel-
erating and magnetic focusing elements will be presented. In the second part, beam dynamics
performed in ASTRA will be discussed in a detailed manner.
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Description of accelerator

RF photoinjectors have been under intensive development for the
past decade since they promise to be the high-brightness electron
beam sources required for FELs. The invention of the photocath-
ode gun and the concepts of emittance compensation in the pres-
ence of space-charge and RF forces have made these high-quality
beams possible. Photo-cathode guns are used to produce and
accelerate intense beams (high charge per bunch). The basic
advantage compared with the thermionic gun is that the current
density delivered by semiconductor photoemitters is very high.
Furthermore, the time structure can be controlled by the laser
beam, so that the beam pulse duration can be tailored to match
into the RF accelerators without degrading the emittance. A
high accelerating field gradient in the laser photocathode RF
gun accelerates electrons to relativistic speed within a very short
distance, thereby reducing the Coulomb repulsion between the
particles in the beam (Table 1). Hence there is a lower emittance
growth produced by space-charge forces. However, the minimum
emittance attainable is still limited at high current levels by the
space-charge effects. Achieving such beams at the end of the
linac requires taking a finer resolution view of the electron
dynamics near the cathode during photoemission and the initial
acceleration of the beam.

The Linac Coherent Light Source (LCLS) is a SASE (self-
amplified spontaneous emission) FEL at SLAC. Its injector con-
sists of a RF photocathode gun from which 1 nC bunch charge
is extracted (Akre et al., 2008). The photoinjector test facility at
DESY, Zeuthen site (PITZ) is used for high-brilliance, short-
wavelength FEL applications like the free-electron laser in
Hamburg (FLASH) and the European x-ray free-electron laser
(XFEL). Here, electron beams with a bunch charge of 1 nC
have been demonstrated (Stephan et al, 2010). Many other FEL
facilities at other laboratories around the world are: PAL-XFEL
injector test facility at the Pohang Accelerator Laboratory
(PAL), the SPring8 Compact SASE Source (SCSS) test accelerator
at RIKEN, Shanghai Deep Ultraviolet FreeElectron Laser source
(SDUV-FEL) SwissFEL at PSI, and so on (Zhao et al, 2004;
Shintake et al., 2006, 2008; Park et al., 2013; Han et al., 2014;
Schietinger et al., 2016).

The n-TOF-facility GELINA at Belgium has been especially
designed and built for high-resolution cross-section measurements.
The GELINA neutron source is based on a linear electron acceler-
ator. It consists of thermionic electron gun, a pre-buncher, standing
wave buncher with traveling wave accelerating structure operating
at 2m/3 mode, and other magnetic elements for focusing and com-
pressing the beam. It uses a 10 nsec, 10 Amp pulsed beam where
charge per bunch in one RF cycle is around 3 nC (Bensussan
and Salome, 1978; Mondelaers and Schillebeeckx, 2006).

Considering this scenario, we observe that the performance of
high-brilliance, short-wavelength FELs is critically dependent on
the quality of the electron beam driving the FEL process, and
lesser emittance growth with more transmission efficiency will
be required for neutron productions. In all these cases, beams
of around 1-3nC have been considered and demonstrated.
With further increase in charge, phase space gets distorted and
beam loss with beam halo increases (Kim, 1986, 1989; Carlsten,
1989). Hence the quest will always be to generate and accelerate
higher brightness beams with better quality. In this paper, we ana-
lyze a scheme of using hollow electron beams to compensate for
such effects and to achieve the minimum growth of emittance
available from a photoemitter injector.
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Table 1. Parameters of Tesla cavity from CST simulation

Resonant frequency 1.3 GHz

Number of cells 9

R/Q 1016

Qo 5x10°

Iris diameter 70

Equator diameter 206 mm

Active length 1038 mm

RF GUN || :

<240 mm-—> <2175 mm-——->

SOLENOID |~ 9-CELL TESLA CAVITY

Fig. 1. Schematic representation of the accelerator.

In this paper, to show the advantages of hollow electron beam,
we have considered a typical example and studied its dynamics in
a 17 MeV RF linac which consists of 1.3 GHz RF gun and a nine-
cell superconducting cavity as shown in Figure 1. Design of the RF
gun was carried out in Superfish and is shown in Figure 2a
(Halbach and Holsinger, 1987). The design is similar to the one
used in the Fermilab photoinjector (Colby et al., 1996; Carneiro
et al., 2000, 2005; Piot et al., 2005). It consists of a 1.625 cell res-
onating in the TMy;o m-mode. Bore aperture is 40 mm.

Superconducting TESLA cavity resonating at 1.3 GHz is
designed in CST Microwave Studio and its model is shown in
Figure 2b (Proch, 1993; Weise, 1994; Koepke, 1995; Aune et al.,
2000; Zu and Chen, 1993). The electric field profile of RF gun
and cavity section is plotted in Figure 3.

For a peak RF field at the cathode of 40 MV/m and accelerat-
ing field gradient of 24 MV/m, the beam gains an energy of
4.5 MeV at the exit of gun and 17 MeV at the exit of the cavity,
with an energy spread of 70 keV for 15 nC charge.

To confine the space-charge dominated beam, a solenoid is
used after the gun and a bucking solenoid is used to cancel the
longitudinal magnetic field on the cathode (Grivet, 1972; Li and
Tang, 2007). The solenoids have been simulated in CST Microwave
Studio. The bucking coil is exactly same (but field in opposite direc-
tion) as focusing solenoid after RF gun. The focusing coil is an iron
core solenoid which consists of 120 number of turns and 200 A
current flows through it to produce a peak field of 1000 Gauss.
Inner and outer diameter of the coil is 70 and 240 mm. Length
of the coil is 275 mm. Outer diameter of the solenoid is 300 mm.
The model of solenoid and field profile after photocathode
(along the beam direction) are shown in Figures 4 and 5.

Simulation results of beam dynamics studies

This section is divided into two parts. In part “Dynamics of hol-
low beam”, results of simulations have been discussed, and in part
“Variation of halo parameter with distance and hollowness of
input beam”, variation of halo parameter with distance and hol-
lowness of input beam have been analyzed.

Dynamics of hollow beam

ASTRA is a multiparticle beam dynamics code which tracks par-
ticles through external electric and magnetic fields, taking into
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a)

Fig. 2. (a) Superfish model of the RF gun where the contours represent the electric field pattern of TMg;0 mode. (b) The nine-cell TESLA cavity as modeled in CST

Microwave Studio.
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Fig. 3. Field profile of the RF gun and cavity.

account the space-charge field (linear and nonlinear) of the bunch
(Floettmann, 2017). The initial transverse and longitudinal parti-
cle distributions are read from an external file. We perform the
beam dynamics analysis using ASTRA by varying the bunch
charge from 4 to 15 nC. In the simulation, we assumed a bunch
of full width of 10 ps. The transverse laser distribution is assumed
perfectly uniform in both x- and y-directions. In the input, a uni-
formly distributed beam of size 8 mm and a hollow beam of the
almost same area 16 tmm? (outer radius 5.5 mm, inner radius
3.7 mm) are considered. Input beam size and density distribution
for uniform and hollow beams are shown in Figures 6 and 7.

Comparison of transverse phase space plots and normalized
particle density distribution for three cases, that is, 6, 10, and
15 nC for uniform and hollow beams at the end of the linac is
shown in Figures 8-10.

It is found from Figures 8-10 that in each of the cases, phase
space is distorted and hence emittance growth occurs. But looking
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Fig. 4. Model of the iron core solenoid.

at the particle density, it may be observed that in case of uniform
beam, particles are distributed uniformly within the beam. In case
of hollow beam, most of the particles are situated within a core.
Now to observe the distribution of particles inside the beam, let
us compare the case of 10 nC which is plotted in Figures 11.

For the uniform beam, size is more and density of the particles
gradually decreases from the center to the outer edge. For the hol-
low beam, most of the particles are confined within a dense core
and very few particles are scattered outside. Hence the size is
smaller in this case.


https://doi.org/10.1017/S0263034619000065

Laser and Particle Beams

41

B-Field (Ms)_Z (2)

0.12

P, NN SR NSO | & S Ot T | SO | S

/] 100 200

Fig. 5. Field profile along beam propagation direction.
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Fig. 6. Input beam distribution for the uniform beam.

It is known that a Gaussian distributed beam has a nonlinear
charge density distribution as it is proportional to e™"/2** where
is the RMS (root mean square) beam size. Hence because of
space-charge nonlinearity, phase space will be distorted more.
So let us perform some simulation by taking a Gaussian beam
of full size (3 u) 8 mm as of uniform beam and calculate the
dynamics of the beam. Below Figures 12 and 13 show the phase
space and density distribution at the exit of accelerator for charges
of 10 and 15 nC.
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Fig. 7. Input beam distribution for the hollow beam.

From Figures 12 and 13, it is observed that for charges of 10
and 15 nC, the beam size is more as compared with uniform
beam and it remains no more Gaussian.

Normally small fraction of particles surrounding a dense beam
core is called halo but there is no clearly defined separation
between the halo and main core of the beam. That is why the
question always arises where is the core part and where the
halo part is? However in the literature, halo parameter is generally
defined as the ratio of fourth moment of beam distribution to
the second moment (Allen and Wangler, 2002; Nghiem et al.,
2011, 2012; Wittenberg, 2014). The halo parameter H identifies
the amount of halo in a particular beam distribution. Halo
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Fig. 8. Phase space plot and density distribution for 6 nC case.

parameter for a continuous uniform distribution is 0, for a
Gaussian distribution, it is 1, and for a parabolic distribution, it
is 0.25. Halo parameter in one dimension is essentially the
kurtosis of the beam. Also beam halo in one-dimensional spatial
projection may oscillate along the beam line, so it is better to
calculate halo in two-dimensional phase space (position and
momentum).

H is constructed from the second and fourth spatial moments
of the beam. A general characteristic of a beam halo is the
increased population of the outer part of the beam. Let the
co-ordinate of the i phase plane be (x;, p;), where x; and p; are
the spatial and momentum coordinates.
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The halo parameter for a buncher beam in the i"™ plane is
defined as

JJ3xipt + 9x2p — 12xpipid

1

—2.15

2xip} — 2xip;
Significant halo corresponds to H; >1.

The normalized RMS emittance is defined by
En,rms = B'y

where Bc is the velocity of the beam, y is the Lorentz factor, r and
1’ are the transverse co-ordinate and divergence of x or y and ( )
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Fig. 10. Phase space plot and density distribution for 15 nC case.

denotes RMS value (Carlsten, 1998; Chen et al., 1999; Franchetti,
2001; Eshraqi et al., 2009).

From Figures 14 and 16, it is observed that for a uniformly dis-
tributed beam, with increase of bunch charge from 4 to 15 nC,
beam size (here for reference we have considered FWHM instead
of RMS, for Gaussian distribution FWHM = 24/3 RMS) increases
from 2 to 12 mm, and the normalized RMS emittance from 3 to
20 © mm-mrad. For a hollow beam, FWHM increases from 2 to
35mm and emittance from 7 to 127 mm-mrad. For a
Gaussian beam, beam size increases from 7 to 18 mm with emit-
tance from 6 to 24 © mm-mrad. For uniform beam, the emittance
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Fig. 11. Beam size at the exit of accelerator for 10 nC case.

growth is faster and it does not increase linearly with bunch
charge. For hollow beam, it varies very slowly. From 4 to 8 nC,
it remains almost same and then gradually increases.

Similarly from Figure 15, halo parameter for an uniform beam
decreases from 3.7 to 1.9. For Gaussian beam, halo parameter
decreases from 3.22 to 1.68 for 15 nC charge, but for a hollow
beam, H increases from 1.2 to 1.61. With further increase of
bunch charge beyond 15 nC, halo parameter again increases for a
hollow beam. It is found that with increase of charge for uniform
and Gaussian beam, FWHM of the beam increases with simultane-
ous reduction of tail part of the beam. So halo parameter decreases
with bunch charge for these two distributions. Hence it is found that
for low charge per bunch (i.e., at 4 nC), uniform beam is better, but
for charge like 12-15 nC, beam quality for hollow beam improves a
lot in terms of transverse emittance and production of halo.

Variation of halo parameter with distance and hollowness
of input beam

Now let us find out how the hollowness of the beam changes in
the z-direction, that is, along the beam acceleration direction.
For that, we have taken three cases, that is, bunch of charge 2,
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Fig. 13. Phase space plot and density distribution for 15 nC case.

4, and 15 nC. The phase space plot and beam density distribution
are shown in Figures 17-19. In this case, simulation is run up to
the exit of the RF gun.

From Figures 17-19, it is found that hollowness of the beam
diminishes with increase in bunch charge, and even at the exit
of RF gun, it attains a uniformly distributed beam for higher
charge. So advantage of using a hollow of the beam to compensate
space charge and minimize halo retains up to the injector section.
After that, addition of further any number of cavities is only to
accelerate the particle and increase its energy.
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Fig. 17. Phase space plot and beam distribution at the exit of the RF gun for 2 nC
bunch charge.
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Fig. 18. Phase space plot and beam distribution at the exit of the RF gun for 4 nC
bunch charge.

Now we investigate the variation of the halo parameter with
hollowness of the input beam. For that two cases have been
presented here. Keeping the outer diameter fixed at 11 mm, we
considered inner diameters of 3 and 5 mm. The input beam
size and output beam distribution for these two cases have been
shown in Figures 20 and 21. For this study, the bunch charge
was 15 nC.
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Fig. 20. Input beam size of inner diameter 3 mm and output beam distribution.

For a hollow beam of inner diameter 3 mm, FWHM of the
beam is 6 mm and RMS normalized emittance is 18 T mm-mrad,
whereas for the 5 m case, the FWHM is 5 mm and the emittance
is 15 © mm-mrad. From this, it is observed that as hollowness of
input beam increases, beam quality improves, but beyond certain
beam emission area, it may be difficult to extract such high charge
(15 nC) from photocathodes. That is why here the study has been
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focused on the beam of inner diameters 3, 5, and 7.0 mm,
respectively.

Comparison of hollow beam and uniformly distributed
beam for an optimized condition

Throughout the paper, we have compared and discussed the
advantages of hollow beam over uniformly distributed beam (uni-
form and Gaussian distribution) and we showed that keeping a par-
ticular magnetic field (0.1 T) and bunch length (10 ps) fixed, the
nonlinear component of space charge (which basically distorts the
beam distribution and causes the growth of emittance) can be com-
pensated by using a hollow beam, but all these calculations are per-
formed without optimizing the magnetic field and bunch length.
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Fig. 24. Variation of normalized emittance at the exit of linac with bunch width.

Now first we will optimize the magnetic field to find the min-
imum growth of emittance and compare uniformly distributed
beam with hollow beam at the exit of linac. We will vary the mag-
netic field from 0.07 to 0.18 T and carry out the simulation. First
we will perform simulation for 4 nC charge.

From Figure 22, it is found that minimum emittance for 4 nC
charge for uniform distribution is 1.4 # mm-mrad at 1200 Gauss,
and for Gaussian and hollow distribution, it is 2.2 and 1.7 n
mm-mrad, respectively.

Next we will calculate the emittance growth for 15 nC charge.
In Figure 23, the variation of RMS normalized emittance at the
end of accelerator as a function of magnetic field is plot. We
find that the optimized RMS normalized emittance for uniform
distribution beam is 4.2 © mm-mrad, whereas for hollow and
Gaussian beam, it is 3.7 and 6.271 mm-mrad at a B field of
0.15 T, beyond that beam emittance again starts increasing. Also
halo parameter for uniform beam is 1.7, whereas for hollow
beam, it is 1.24.
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Figures 22 and 23 show that, if we optimize the solenoid field
in this case, the difference of emittance growth for the different
particle distributions can be almost removed.

Now keeping this magnetic field fixed at 0.15 T and bunch
charge 15 nC, we will vary the bunch length from 5 to 20 ps
and find out the optimized emittance. With increase of bunch
length, the space-charge effect decreases, as a result of which
emittance should decrease.

It is observed from Figure 24 that RMS normalized emittance
decreases with increase of bunch length. For 5 ps bunch, the emit-
tance for uniform, Gaussian, and hollow beam is 6.5, 7.3, and
5.0 t mm-mrad, whereas for 20 ps bunch, it is 3.0, 4.3, and
2.4 mm-mrad. The variation of emittance with distance along
linac axis (let us take it as z-axis) is plotted in Figure 25. For uniform,
Gaussian, and hollow beam, the emittance almost remains constant
from exit of photoinjector to end of linac (although in case of uni-
form beam, it slightly decreases). So for uniform and Gaussian
beam, the growth of emittance is more than that of hollow beam.

Hence it is found from these studies that clearly for unopti-
mized case, use of hollow beam has more advantages, and also
with proper optimization, one can achieve better beam quality
(lesser emittance and halo as discussed above from Figures 24
and 25) by using a hollow beam in the linac.

Conclusion and future studies

Halo formation is an important issue in intense charged particle
beams. With increasing halo proportion, the power stored in it
can become significant. As a consequence, a careful analysis of
the profile can help revealing the internal dynamics of the
beam. Indeed, the halo is the main contributor to particle losses
downstream, which must be maintained under specified levels.
In high-intensity linacs, the low energy and high perveance
makes the beam sensible to space-charge effects. As a conse-
quence, beam distributions are often far from Gaussian. Here,
we have performed multiparticle simulations to explore the possi-
bility of using hollow beam for suppression of halo growth.
Simulation results show a significant beam quality improvement
in terms of emittance growth and halo production for a hollow
beam as compared with a uniform and Gaussian beam. Also we
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found that hollowness of beam has advantages up to exit of injec-
tor section (where space-charge forces cannot be neglected), after
that addition of any number of accelerating section is to increase
its energy. Further studies involves the generation of hollow beam
from photocathodes.
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