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Abstract

The Radio Frequency (RF) design of Drift Tube Linac
(DTL) of the European Spallation Source, ESS, has been
defined in order to satisfy the accelerating field require-
ments of beam dynamic studies and to reduce peak field
levels in the critical areas. The electro-magnetic field is
stabilized with post-couplers. The cells geometries of the
DTL are optimized to accommodate permanent magnet
quadrupoles (PMQ), to get maximum shunt impedance, to
meet the Moretti criterion at the low energy part and to fa-
cilitate the mechanical construction.

INTRODUCTION

The linac of the ESS will accelerate 50 mA of H™-ions
at 352.21 MHz up to 2.5 GeV. The pulses are 2.86 ms long
with duty cycles of 4%. The average beam power on the
target will be S MW and the peak power 125 MW. The linac
will have a normal-conducting front-end up to 77.7 MeV
followed by three families of superconducting cavities and
a high-energy beam transport to the spallation target [1].

In particular the DTL of the ESS accelerator will acce-
lerate the beam from 3.0 to 77.7 MeV. Permanent Magnet
Quadrupoles (PMQs) are used as focusing elements in a
FODO Iattice.

The main properties of the ESS DTL are summarized in
Table 1 [2].

Table 1: Tank Properties of the ESS DTL

Parameter/Tank 1 2 3 4
Cells 66 36 29 25
Ep [MV/m] 28t032 3.16 3.16 3.16
Envax/Exip 1.4 143 139 1.37
s -35t0-24 24 24 24
L7 [cm] 7.95 7.62 776 1.72
Ry [mm)] 10 10 11 12
PCs [#] 23 25 28 24
Tuners [#] 24 24 24 24
Modules [#] 4 4 4 4
Pou, max [IMW] 0.91 091 092 0.95
Eour [MeV] 214 41.0 60.0 77.7
Pror [MW] 2.06 212 2.10 2.07

Slug tuners in a DTL should compensate the frequency
effects due to construction errors. The evaluation of the
static frequency error is done by applying realistic tol-
erances on the important dimension of the cavity (tank

* renato.deprisco@esss.se
ISBN 978-3-95450-122-9
3918

diameter, drift-tube lengths, drift tube diameter, face an-
gles). The tuners have diameter of 90 mm, are distributed
uniformly every 30 cm along the tank and are located at
45°with respect to the stem axis in order not to influence
the frequency of the PC 0-mode by tuner penetration.
The tuner sensitivity is 6.98 (kHz/mm)xm, linear around
50 mm of penetration.

TUNING OF ACCELERATING FIELD

Let the z-axis be the symmetry axis of the tank, its ori-
gin be on the low energy end wall and the pulsation, or an-
gular resonance frequency, w (z) be constant along z and
equal to wg. The effects of a variation of the cell geome-
tries on the pulsation in a DTL can be described by wa-
veguide theory. Then the DTL is replaced by an empty
equivalent tank in which the geometric variation of the
cells changes the resonance frequency, wy, along z such
that w (2) = wp + Aw (2).

From Continuous to Discrete Tuning

Even if it is possible to define a continuous function
w(z),Vz € [0,Ly], where Ly is the tank length, it
is convenient to define w(z) as piecewise constant func-
tion. Let suppose that the tank is composed of N cells,
each of length L,,Vn € [1,N],n € N. Let define
Aw, = L' [} w(2) dz — wo. It is possible to show
that if Aw,, < wy in each cell, then the electric field along
z-axis, E, (z), must satisfy the following equation [4]:

d’E, (z) 2wy

where 0,, is the relative origin, along z-axis, of the n-cell.

Boundary and Continuity Conditions

Let define the piecewise constant electric fields £y, =
Lt fOLn" E. (2) dz. Assume that the beam dynamic re-
quirements imply the constraints Ey_, Vn € [1, N]. Tt is,
now, assumed that the total stored energy in RF fields is
constant.

The knowledge of Ey, gives the possibility to define
E.(0), E.(Lr) and dE, (2) /dz,Vz € [0,Ly]. By
knowing F, (z), utilizing the boundary conditions for TM
modes (dE,/dz = 0in 0 and L) and by imposing the
continuity conditions between adjacent cells it is possi-
ble to solve the equation (1), cell by cell, and to find
Awy, Vn € [1, N]. In the following the z-dependence of
F, and its derivatives are omitted.
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The Implicit Slope

As a first tuning step the RF cavity computer code, SU-
PERFISH (DTLfish), has been used to change the face an-
gle, ay, in order to reach the target pulsation wq in all
cells of the tank. The details of the drift tube section is
shown in Fig. 1. The second step is to assembly all cells of
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Figure 1: Representative half unit cell geometry longitudi-
nal section: Tank Diameter, D; cell Length, L; gap length,
g; drift tube diameter, d; bore Radius, R;; Flat length, F;
inner nose Radius, R;; outer nose Radius, R,; face angle,
af.

the tank and simulate the entire structure in SUPERFISH
(MDTfish). Even if all the cells, different in length, have
the same pulsation, wy, the accelerating field is not con-
stant as we can expect from equation (1). This is due to
the fact that there is not a perfect mode matching between
the adjacent cells built, individually, by DTLfish. The mis-
match produces a natural tilt of the accelerating field that
must be compensated; from now this tilt is denoted implicit
slope. In a ramped gradient tank the implicit slope must
be properly added to the desired one to compensate it. In
a constant gradient tank the implicit slope is the only one
to compensate since the desired one is zero. We denote
the sum of the implicit slope and the desired one the fotal
slope, St.

Macrocells

It is useful to divide the tank into three parts, macro-
cells, each one composed of one or more cells. The
first macrocell satisfies the boundary conditions on the
end wall. It ramps the accelerating field and compen-
sates for the implicit slope caused by the F' cells with to-
tal length Lp = ij:l L,. The second macrocell ad-
justs the slope to match to the boundary conditions at the
other end wall. It is composed by L cells with total length
Ly = Zflv: N—rL+1 Ln- The third one is located between
the first two and composed by (N — L) — (F + 1) cells
with total length L;, = SN F  L,. Instead of solving
the equation (1), cell by cell, it is convenient to solve this
equation for the macrocells. To do this the the constant
C = /2w /c is introduced.

For the first macrocell the Awpr must satisfy the equa-
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tion (2):

C+/Bwp sinh (C\/AwFLF) E.(0)=Sr. ()

For the second macrocell the Awy, must satisfy the equa-
tion (3):

— C/—Awg sin (C’\/—AwLLL> E.(Ly— L)+

+ cos (C\/ELL) Sr = 0.
3

Tuning of the ESS DTL

For the ESS DTL the desired electric field Ey  goes from
2.8 MV/m to 3.2 MV/m in the first tank. It is constant and
equal to 3.16 MV/m in the last three tanks. In Fig. 2 the de-
sired Iy, are shown. The accelerating field is calculated by
MDTfish, after the tuning of the two macrocells by using
equations (2) and (3). Specifically the first three and the
last three cells have been used to reach the total slope in
the first tank. The first two and the last two cells are used
to compensate the implicit slope in the second tank. The
first and the last cells are used to compensate the implicit
slope in the third and fourth tanks.
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Figure 2: Desired Eq, Eq and percentage Error.

Compensation of Stems Effect

Stems connect drift tubes with the inner lateral wall of
each tank. They break the z-axial cylindrical symmetry.
SUPERFISH can only handle axially symmetric structures.
However, the code treats the stem as a volume perturbation
and by using the Slater theorem it is possible to calculate,
cell by cell, the pulsation shift, Awsiem,n, ¥n € [1, N]
induced by them. To compensate this perturbations one
strategy is to introduce volume perturbations (in the ESS
DTL case the face angles have been changed) that induce a
pulsation shift Awcompn = —AWstemn, ¥ € [1, N].
This strategy has been validated by COMSOL [5] 3D-
simulation in a representative tank with 20 cells, from the
first to the twentieth cell of the second tank, and long
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1.921 m. In Fig. 3 the stems effect and the face angles com-
pensation are shown.
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Figure 3: Effects of stems and compensative face angles on
E().

DTL TRANSMISSION LINE MODEL

In the neighborhood of TMy;9 mode the electromagne-
tic field, in each tank of the DTL, can be approximate
by the electromagnetic field of a circular cavity filled by
anisotropic media [3] (i is constant and € = ZZ¢, + 7'T€s).
The equivalent cell of the transmission line is shown in
Fig. 4 with:

Ls 1(2) Cig I(z + Az)
V(2) e | i TV (2 + Az)
I
o= =i

Figure 4: Equivalent DTL cell of the transmission line DTL
model.
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worr Lt |E, (D/2)|pyax
where wp1o and wp1; are the pulsations of the TMg1o and
the TMp1; mode respectively, £, (D/2) and H , (D/2) are
the electric and the magnetic transverse fields evaluated in
the inner neighborhood of the cavity lateral wall respec-
tively.

The field stabilization is achieved by utilizing Post Cou-
plers (PC). COMSOL has been used to design the PC.
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PCs can be introduced as series of inductance, L p¢, and
capacitance, Cp¢, in parallel with the capacitance Cp po-
sitioned in the longitudinal center of the drift tubes. The
values of Lp~ and Cp must be choosen in order to stabi-
lize the accelerating field. It is possible to outdistance the
PCs until the Eg is within the 1% of the desired value.

The results are confirmed by COMSOL 3 D-simulations
in a representative tank of 20 cells. In Fig. 5 the transmis-
sion line model and COMSOL result are shown with their
relative error in the case of stabilization achieved by using
one PC every two cells.
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Figure 5: Stabilized field with one PC every two cells ob-
tained by transmission line model and COMSOL.

Fixed the number of PCs and their radius in the case of
constant gradient tanks the post length are then adjusted
such that the frequency of the PC 0-mode is close to the
operation frequency of 352.21 MHz (confluence). After
reaching of the confluence, the posts in the first tank have
been bent, without changing the PC length along its cylin-
drical symmetry axis, to equalize the product of capacitive
coupling (to drift tube) times the field level on both sides
of each PC.

The compensation of the PC is done with the same stra-
tegy that was used for the compensation of the stems.

CONCLUSION

To design the ESS DTL was implemented a software
to automatically tune the accelerating field, compensate
the stems and the PCs effect, determine the PCs numbers
and their optimum length, define the minimum numbers of
tuners, that allows to obtain a really exhaustive RF DTL
design.
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