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Abstract

Technological advancements are strongly required to
& fulfil demands for new accelerators devices from the
2 compact or portable devices for radiotherapy to mobile
g cargo inspections and security, biology, energy and envi-
= ronmental applications, and ultimately for the next gener-
é ation of colliders. In the frame of the collaboration with
'S INFN-LNF, SLAC (USA) we are working closely on
 design studies, fabrication and high-power operation of
£ Ka-band accelerating structures. In particular, new manu-
< facturing techniques for hard-copper structures are being
2 investigated in order to determine the maximum sustaina-
'é' ble gradients above 150 MV/m and extremely low proba-
% bility of RF breakdown. In this paper, the preliminary RF
& and mechanical design as well as beam dynamics estima-
Ztions for a Ka-Band accelerating structure at 35 GHz are
=~ Spresented together with discussions on practi-
'O cal accelerating gradients and maximum average beam
Z current throughput.
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INTRODUCTION

Nowadays, linear accelerators (linacs) are being used
3 ‘s for numerous applications in many different areas [1].
= Both direct electron beams or X-rays from target conver-
= sion are employed. In research, high accelerating gradi-
= ents are sought for producing ultra-bright and high-energy
Z (>GeV) electron beams for linear colliders as well as
L FELs, Compton sources, etc. In the medical area, medi-
% um-energy (4-25 MeV) and low average current (10 nA —
“ 1 pA) electrons and X-rays (200-500 cGy/min at 1m with
2 a flux in the range 107® photons/s/mm?) are used for can-
g cer imaging and treatment (radiotherapy) as well as radio-
é isotopes production (electron energy up to many tens of
. MeV’s and average current up to few mA’s). In industry,
= med1urn-energy and high average power electron beams
2 (10-150 mA average beam current) are utilized for mate-
2 rial processing (up to 150 mA) and sterilization (10 mA).
2 In the security field, cargo scanning often employs medi-
Zum energy X-rays (10 MeV, 0.1-1mA). For environmental

= applications, medium-low energy (0.7-5MeV) electron
Obeams (5-10 mA) are used for water, flue gas treatment
@ and SO on.

Although hundreds of linacs are sold every year, mainly
for industrial and medical applications, these structures
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mostly operate either in S-Band (~3 GHz) or in X-Band
(~9 GHz). Most of the linacs which use S-Band structures
can be very bulky and large robotic systems are needed
for operation, representing a crucial issue especially for
medial applications.

We propose here a compact linear accelerating structure
in Ka-Band (~35 GHz) able to achieve ultra-high gradient
accelerating gradients (up to 150 MV/m) and therefore it
allows to obtain high beam energies in ultra-compact foot
prints (e.g. a factor of ten smaller than S-Band and a fac-
tor of three shorter than X-Band devices). The proposed
Ka-Band accelerator can be either operated, depending on
the specific application, either in Standing-wave (SW) or
Traveling-wave (TW) mode. In SW configuration, the
linac usually works in the m accelerating mode but more
often in the n/2 mode for most areas listed above. On the
other hand, in TW configuration the most common opera-
tion mode is the 2m/3 with a cell-to-cell phase-shift of
120 degrees.

Initially, the Ka-Band linac was thought as a higher
harmonics linac for the linearization of the electron beam
for the Compact Light project [2], discussed in a later
section. Nevertheless, we also propose it as a table-top
and inexpensive accelerator for medical and industrial
applications. Due to the small geometric dimensions, the
maximum average electron current is lower than lower
frequencies and it is therefore perfectly suitable for low-
to-high energy, low average power applications.

More details about the RF characterization of the accel-
erating structure is found in [3].

PRELIMINARY RF DESIGN

The preliminary RF design of the Ka-Band linear ac-
celerator was carried out with the 3D numerical codes
HFSS and CST. The main RF parameters are given in
Table 1.

Table 1: Structure Main RF Parameters

Main RF Parameters Value
Frequency 35.982 GHz
Accelerating Gradient ~ Up to 150 MV/m
Eff. Shunt Impedance 158 MQ/m
Quality Factor Qo 4110
Cell length L, 2.9 mm
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In Fig. 1, a 2D plot of the main accelerating cell, elec-
trically coupled, operating in the TMyio-like mode is
shown. The color map of the electric field distribution is
plotted (accelerating gradient of 150 MV/m). The surface
electric field is lowered by using an elliptically shaped
iris.

[ 15 3 troem

Figure 1: Electric field distribution of the TMg;9 mode.

DESIGN FOR INDUSTRIAL AND
MEDICAL APPLICATIONS

The maximum beam current inside an accelerating
structure strongly depends on the geometric dimensions
(transverse size and length L), that scale linearly with the
operating frequency f. In particular, it is estimated that the
max current is proportional to (/L) and (f/L)"” for TW
and SW linacs, respectively.

In the following sections, we give an estimation of the
max output average beam current and the preliminary RF
and beam dynamics design as well as initial engineering
consideration for the proposed Ka-band linac.

Estimation of Maximum Available Beam Power

The phenomenon of beam break-up (BBU), mainly due
to the excitation and amplification of the first dipole de-
flecting mode (TMjjo-like), is a major cause of beam
instability that limits the maximum current that can be
supported inside an accelerating structure. An estimation
of the threshold current I, for SW linacs is given by [4]:

\2 A mc?/e
Iy ~ (_) aBy(mc*/ )f(x)
L 4Q,7./Q

where L is the linac length, 1, is wavelength of the first
dipole mode, B and y are the relativistic factors, mc? is
the particle rest energy, Q; is the loaded quality factor of
the deflecting mode, r; is the transverse effective shunt
impedance per unit length. f(x) is a function of x=
By/B;v: and for large values of x, i.e. for an output beam
energy much higher than the input energy (8y >> £;v:),
it flows that f(x) ~ 1/3.

For the Ka-band structure, we derive a peak beam cur-
rent threshold that in the worst-case scenario (trapped
deflecting mode) is equal to I;;,~70 mA. Such limit can be
noticeably raised, for example, by reducing the r, /Q with
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side cuts on the cells or by reducing Q;, if proper coupling
of the dipole mode out of the linac is performed. In the
TW case, the threshold current is slightly lower but it can
be raised to the SW case by properly choosing the linac
parameters and in particular by increasing the group ve-
locity Vg since I;,~Vg.

The average output current depends on many factors
discussed in the next sections, such as the input RF power
specifications and the maximum average RF power that
can be dissipated by the cooling system of the structure.
The breakdown limit to the max accelerating gradient is
not an issue in this case, since we envision operation at
around 10 MeV for industrial and medical applications.
This means that, assuming a safe accelerating gradient of
80 MV/m, the linac length is only L=12.5 cm.

The Ka-Band RF Power Source

An innovative RF power supply at ~35GHz was
demonstrated more than a decade ago, the magnicon.[5]
which produced a peak output RF power of 17 MW with
a gain of 47 dB at a pulse length up to 1.5 ps and a repeti-
tion rate up to 5 Hz. We have recently started a research
activity on the re-design of the old magnicon in order to
improve the output power and the repetition rate at least
up to 100 Hz. Nevertheless, the advantage of operating in
Ka-band permits operation with relatively low RF power
(~5 MW), as shown in Table 2, where we list the main
parameters for the 35 GHz linac for industrial and medi-
cal applications.

Table 2: Ka-Band Linac for Industrial/Medical Applica-
tions

Main RF Parameters Value
Frequency 35.982 GHz
Accelerating Gradient ~80 MV/m
Linac Length 12.5 cm
Peak RF power ~5MW
Pulse Length Upto 1.5 us
Repetition Rate Up to 100 Hz
Duty Cycle 1.5%10*
Output Energy Up to 10MeV
Output Avg. Beam current Upto 10 pA

The availability of input RF peak power of medium
RF power (SMW) with repetition rates between 10 and
100 HZ, allows in theory to obtain an average beam cur-
rent of 1-10 pA, which makes the accelerating structure
suitable for medium-energy, low current/power applica-
tions like medical diagnosis and therapy of tumors as well
as intra-operative radiotherapy.

It has to be noted that pulse lengths of the order of 1us
are reasonable, as explained in a later section. Indeed,
such pulse lengths are compatible with an accelerating
gradient of 80 MV/m, since the estimation of the break-
down rate (BDR), that is a major cause of failure of an
accelerating structure, is below the safety threshold.
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el
8 Electron Gun Injector Beam Dynamics

2 We have started the design of a thermionic electron gun
%for a dual purpose: to be used as the injector of an up-
%graded version of the magnicon RF amplifier and to be
= = used as the electron injector of the accelerating structure.
3 In the first case, the cathode-anode voltage is about
£ 500 kV and it produces a beam current of about 200 A and
O beam power up to 100 MW. In the second case, we plan
= Zto apply around 30 kV voltage or higher to increase the
;;‘beam capture inside the Ka-Band linac

In Fig. 2, the preliminary simulation of the electron gun
5 with CST is shown. The beam has a compression ratio of
o about 100.

author(

Em—

Flgure 2: preliminary electron gun design from CST.
S Beam trajectories are shown.

HIGH ENERGY APPLICATIONS

As anticipated in the introduction, we propose the Ka-

Band linear accelerator also for high-energy applications,
gsuch as the CompactLight European project, a compact
5 free-electron laser.
The cell geometry is shown in Fig. 1. Here, we discuss
= the breakdown rate (BDR) limit and cooling system de-
% sign. The BDR limits the maximum accelerating gradient
9 achievable inside the linac for a given RF pulse length.
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£ Breakdown Rate Limit

The BDR is a measures of the RF sparks per unit time
= and length inside an accelerating structure. Typical values,
oin the design of high-energy accelerators, are about
= 10-6-10-7. A new quantity has been introduced [6], the
"Umodlﬁed Poynting vector defined as Sc=re(S)+im(S)/6
= where S is the Poynting vector, in order to have a parame-
% ter to refer to during the linac design.

h te rms of t|

8 For the Ka-Band linac, we estimated that
>‘Sc~5 MW/mm2 (below safety threshold of about
6 3 MW/mm2) for an  accelerating  gradient

gEacc 100 MV/m and RF pulse length (flat top) of 50 ns.
=21t is possible to increase Eacc up to 150 MV/m which
= = gives Sc~8 MW/mm2 which is somewhat more critical
£ but near the threshold. For the lower energy and longer
= = pulse case, in order to keep constant the BDR value, the
;max accelerating gradient should not exceed 80 MV/m
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for a 1.5 us pulse width, as we discussed in regard to
Table 2.

Thermal and Stress Analysis

The preliminary thermal and stress analysis was also
carried out in CST. In Fig.3, we show the result of the
single cell where a cooling system with longitudinal pipes
is assumed. The simulation is performed assuming a gra-
dient of E..c=150 MV/m with a corresponding average
power per unit length of about 2 kW/m. The water flux is
31/min.

Cooling
Channels*

Figure 3: Thermal simulation of the single cell from CST.

The hot spot is about 40 °C (standard operation) and it
can be lowered by adjusting water flux and water temper-
ature. The consequent stress analysis shows a yield
strength (Von Mises) < 20 MPa which is below the safety
threshold for copper (~ 70 MPa). The corresponding max-
imum displacement is about 1 pum (i.e. frequency shift is
negligible or tunable).

MACHINING

It has been experimentally demonstrated that hard cop-
per is able to stand ultra-high gradients unlike high-
temperature treated one [7, 8]. As a result, we plan to
machine the Ka-Band linac for high gradient applications
in two halves with TIG welding of the outer surfaces [9].
As for medium-low energy industrial/medical applica-
tions, we plan to use the same approach but we are also
considering an alternative approach as a novel clamping
technique [10].

CONCLUSIONS

We have presented the preliminary design of a compact
linear accelerator in Ka-Band (~35 GHz) which is well
suited for industrial and medical applications where a
low-medium energy and low average current electron
beam is required (from a few MeV’s up to a few tens of
MeV’s with average beam currents up to few tens of
pA’s). These applications cover the diagnosis and therapy
of tumors (both direct electrons or X-rays from e-beam
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conversion through a target), as well as any other type of
diagnostics where longer exposure times are not an issue.

Moreover, operation at ultra-high gradients (up to
150 MV/m) are predicted for high-energy projects, such
FELs, Compton sources, etc.

We are planning to finalize the linac design as well as
engineering of the RF power source that will be able to
produce a few MW for low energy applications and up to
40-50 MW (possibly with a SLED) for high energy pro-
jects.
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