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It is shown that by incorporating a nonisotropic conductive thin film in a dielectric loaded
super-conductive structure, it is possible to design an accelerator cavity wherein the maximum
magnetic field at the surface of the superconductive material is below the critical value, although the
gradient on axis may exceed 50 MV/m. © 2007 American Institute of Physics.
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Gradient enhancement in the future acceleration struc-
ture of the International Linear Collider may have significant
implication on its length and thus on its cost. Although su-
perconducting (SC) technology facilitates fabrication of
cavities of very high quality factors Q=10°-10'° (Refs. 1
and 2) compared to room temperature technology, it has an
inherent limitation in the form of the maximum magnetic
field allowed at the structure’s surface. Specifically, this must
be kept below the critical magnetic field of the supercon-
ductor (H,; in case of type II) otherwise, vortices penetrate
the SC layer and cause strong rf dissipation. For the case of
widely used bulk Nb, this field is of the order of H\’=1.35
X 10° A/m,’ coinciding with the Q-drop magnetic field
achieved recently in a Nb (:avity.4 In an attempt to overcome
this difficulty, Gurevich® at Jefferson National Laboratory
proposed to enhance the 1f field allowed at the surface of a
Nb cavity by coating it with a multilayer structure composed
of alternating dielectric and superconductive layers resulting
in effectively higher H,. at the vacuum-material interface;
each layer in this configuration is thinner than the penetration
depth.

Dielectric materials are widely used in optics for high-
power components due to their inherent low loss. Bragg
waveguides or mirrors composed of alternating layers of dif-
ferent dielectrics harness the ability to “rotate” the electro-
magnetic field components and generate a specified field at a
given location, as was demonstrated recently.6 The concept
was adopted at Argonne National Laboratory by Jing et al”
in the design of a room-temperature structure to be used in a
dielectric wake-field accelerator. In this case, for loss reduc-
tion, the magnetic field at the metallic wall of a cylindrical
waveguide was reduced by employing a TMy; mode in a
four-layer dielectric-loaded configuration.

In this letter, we consider the possibility of using a
single-layer dielectric-loaded superconducting cavity in or-
der to support high accelerating gradient E,, (the longitudinal
electric field amplitude on the z axis) and achieve a high
R/Q (R being the shunt impedance and Q the quality factor
of the structure). However, in order for such scheme to be-
come feasible, the dielectric layer chosen must satisfy two
important conditions: withstand very high electric field (high
breakdown threshold) and have ultralow loss tangents,
namely, of the order of 10°—107'" (Refs. 8 and 9) in order to
avoid degradation of the quality factor of the SC structure.
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To demonstrate the concept, consider an azimuthally
symmetric waveguide, made of superconductive material,
loaded with a concentric dielectric layer, as depicted in
Fig. 1, R;, and R, denoting the internal and external radius
of the dielectric layer. Further, it is assumed® that an azi-
muthally symmetric TM mode oscillating at a given angular
frequency w is propagating with a phase velocity V,,=c and
thus, in the vacuum region, the electromagnetic field is given
by

E, = Epe /@7,

| @ .
Er= 770H¢= é;rEoe_J(“’/C)Z, (1)

where 7,=\uy/ g is the impedance of the vacuum. Simi-
larly, in the dielectric layer, the field components are given
by

E.=[AHY + BH]e /@7,
4 J

E, = H,=— [AH(IZ) +BH(11)]e—j(w/c)z’ )
Ve -1 Ve—-1

where Z= nov/;/s is the transverse wave in/l@ance, the
argument of the Hankel functions is kr, k= w\e—1/c denot-
ing the transverse wave number, and A and B are the ampli-
tudes of the outgoing and the incoming waves in the dielec-
tric layer, respectively. By further imposing the continuity of
the tangential field components (E,,H,) at the vacuum-
dielectric interface and imposing E, to be zero at the external

FIG. 1. Schematic cross section of the dielectric loaded cylindrical acceler-
ating structure.
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FIG. 2. (Color online) The magnetic field magnitude of TMy, mode at the
superconducting boundary as a function of the dielectric constant. The dif-
ferent blue lines correspond to different accelerating gradients whereas the
red lines correspond to typical critical magnetic fields of Nb cavity at 2 K.
In the inset, the corresponding concentric location of the metallic layer R,
and the superconducting boundary R.,, of the waveguide are also shown as
a function of &,.

wall (R.,), the dispersion relation is obtained in a closed
form.

For H, of TM,, mode at the boundary with R;,=5 cm
and a synchronized frequency f;=1.3 GHz as a function of
g, (in the range of 1.8-6) yields magnetic fields lower than
the critical field as long as the accelerating gradient is kept
below 40 MeV—Ilevels which were demonstrated
experimentally—in a coupled cavity system.lo’11 In order to
enhance the accelerating gradient while keeping H, below
the critical value, it is suggested to harness a TM, mode (at
fo=1.3 GHz) while suppressing the TM,; mode. For this
purpose, a very thin (d<<8=1/ Moo, 7f,) anisotropic con-
ductive layer, having a zero transverse conductivity and a
nonzero longitudinal conductivity o,#0 is positioned at
r=R,,—corresponding to the zero of the longitudinal compo-
nent of the electric field (E,) of TM,-mode inside the dielec-
tric filled region. This anisotropic conductivity is transparent
to the TM;, mode and it virtually short circuits the TMy,;
mode. A possible implementation of such a thin anisotropic
conductor might be using a structure which effectively con-
fines electrons in one plane. As an example, it is possible to
conceive a two dimensional electron gas formed at the inter-
face of a heterostructure (e.g., AlGaN/GaN)'? or a quantum
well consisting of a trilayer, where the middle layer is highly
doped (e.g., AlGaAs/n-GaAs/AlGaAs)’—in the former
case of GaN, the breakdown field can be significantly higher
than 100 MV/m.

Adding normal metal in a high-Q superconducting cav-
ity requires special attention. The added power loss per unit
length to TMy, mode is given by P}'=mo.R,d|E.(R,),
where d is the width of the electron channel. Figure 2 shows
the absolute value of the amplitude of the magnetic field H,
of TM, mode at the outer boundary (r=R.,,) as a function of
g, in the range of 1.8—6. The different lines correspond to
different gradients in the range of 40—58 MV/m and the two
red lines correspond to typical critical magnetic fields
H.,=135X10°> A/m and H.=1.5X10° A/m of Nb, at 2 K
and 1-2 GHz (Refs. 3 and 4). The figure reveals that from
the perspective of the surface magnetic field, low dielectric
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FIG. 3. (Color online) The quality factor ratio between TM, and TMy,
modes is plotted at the left side y axis as a function of the dielectric constant,
while at the right side, R/Q parameter of TMy, mode is drawn.

coefficients are more likely to reduce the magnetic field and
at the same time support gradients in excess of 50 MV/m on
axis. As for the breakdown field limitation, the maximum
field occurs at the vacuum-dielectric interface and at a given
operating frequency, it depends only on the radius of the
vacuum. In our case, R;,;=5 cm and the peak electric field is
1.2E,.

It is now imperative to ensure that in the process of
adding this thin layer of normal conductivity, the quality fac-
tor (Q= wyWgpm/P,;) of the structure is not altered. In our
simulations, we have assumed that the surface resistance of
the superconductor (Nb) is R;=10 nQ) (Ref. 5) and the di-
electric material is characterized by tan §=10"'". In Fig. 3,
the ratio Qryoa/ Ormor (blue line) and the R/Q parameter
(green line) are exhibited as a function of . The parameters
o, and d employed in the calculation are 3.6X10° S/m
(Ref. 12) and 20 nm, respectively. This figure reveals one of
the most important results of this study, namely, it is possible
to reduce significantly the surface magnetic field while keep-
ing the accelerating gradient high, by using TM,, and
strongly suppressing the TM,,;. In fact this figure illustrates
that the ratio of the quality factors is larger than 10°. It is also
interesting to note that this ratio has a maximum for
g,=3.5. Moreover, it is found that the normalized energy
velocity Bpny=uvgpn/c decreases monotonically from about
0.6 to 0.2 upon increasing &, within the same range.

In Fig. 4, the dependence of |[H,| at the outer wall on
radius of the vacuum-dielectric interface (R;,) has been con-
sidered for €,=2 and for the gradient range of Fig. 2. While
reducing R, may clearly facilitate higher accelerating gradi-
ents, before the critical magnetic field is reached, this benefit
is significantly overshadowed by having the beam signifi-
cantly closer to dielectric materials. In addition, this trend is
accompanied by a mild decrease in the quality factor (Q) and
Ben, as shown in the inset.

Incorporating the thin anisotropic metallic layer requires
to examine not only its impact on the rf but also its dc effect
and, in particular, the temperature increase due to the return
currents associated with an electron/positron bunch propa-
gating along the waveguide. For this purpose, we consider a
At=10 ps long bunch of about 10'" electrons inducing a
peak return current of about /=160 A in the superconducting
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FIG. 4. (Color online) The magnetic field magnitude of TMy, mode at the
superconducting boundary as a function of the vacuum core radius R;,. The
plots correspond to different accelerating gradients and a dielectric layer
having &,=2. In the inset, the corresponding Q and Bgy of TM, mode are
shown as a function of R;,.

boundary and the conductive layer. Further assuming a worst
case scenario whereby, all the return current / flows in the
conductive layer, the dissipated energy per unit length
would be roughly given by Eg,=025At/o,mR,d
=2.8X107° J/m where R,,=0.1 m is used. On the other
hand, by taking the typical heat properties of GaN and as-
suming that the total thickness ¢ of the quantum structure is
about 500 nm, the energy per unit length required to raise the
temperature of the conductive layer by 1 K is 0.9 J/K m.
Consequently, the expected temperature increase from one
bunch would be negligibly small ~107> K. Thus, even for
the case of 10°-10* bunches/s, the temperature increase
would be ~0.1 K, though in fact the actual value will be
much lower since most of the current is expected to flow in
the superconducting boundary and not in the conductive
layer as we overestimated earlier.

Before we conclude, one comment is in place: nowadays
the only dielectric known to have such an ultralow-loss tan-
gent at 2 K is pure sapphire,14 which has an effective dielec-
tric coefficient of about &,=10.4 and a breakdown field of
about 48 MV/m (Ref. 3). We do not rule out the possibility
that in future, other ultralow-loss, high-breakdown dielectric
materials may become available since the loss mechanism in
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dielectrics depends to a large extent on the fabrication pro-
cess and on the applied deposition parameters.ls’16

In conclusion, it is shown that in a dielectric loaded su-
perconductive dielectric structure, the latter may be designed
such that the maximum magnetic field at the surface of the
superconductive material is below the critical value although
the gradient on axis may exceed 50 MV/m. A nonisotropic
metallic film is used to suppress the TM,; mode and facili-
tate operation with the TM, mode since it is located in a
plane where the longitudinal electric field of the latter
vanishes.
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