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Fig. 1. A cross-section of the planar dielectric accelerator. The
particle beam travels in the z direction, out of the page.

Abstract|We describe the operating priciples, design, fab-

rication, assembly, and bench-test of a miniature planar di-

electric traveling-wave accelerator structure made from di-

electric brazed to oxygen-free electronic grade (OFE) cop-

per. This work focusses on alumina ceramic (AL995) and

diamond as dielectrics. This two-port device is matched to

WR10 at input and output, and designed for charged parti-

cle acceleration at 91.392 GHz (W-band).

I. Introduction

High energy physics requires a high-energy accelerator,

and a compact machine for this purpose requires high elec-

tric �eld gradient. Breakdown, trapping and pulsed heat-

ing dictate that such a high �eld requires a high-frequency

structure, and we are presently pursuing the design, fabri-

cation and test of components needed for a charged particle

accelerator at W-band. In previous work we have reported

development and test of vacuum and high-power compat-

ible anged waveguide (WR10), alumina ceramic windows

[1], squeeze-type phase-shifters [2], and a single cell acceler-

ator structure [3]. In this work we describe for the �rst time

the design, fabrication, and bench-test of aW-band acceler-

ator, based on a traveling-wave planar dielectric structure.

Previous attempts have been made to fashion reliable

and robust multi-cell traveling-wave structures at mm-wave

frequencies [4]; however these have proved diÆcult to as-

semble accurately, prone to failure of thin coupling irises,

and diÆcult to bond at current-carrying joints [5]. In the

meantime we have chosen to pursue an alternate approach

to fashion a structure amenable to high-gradient accelera-

tion employing dielectric loaded waveguide in a slab geom-

etry.

The structure itself consists of two smooth dielectric
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slabs forming a transmission line as seen in Fig. 1. The

dimensions are chosen to provide a phase velocity equal to

the speed of light and thus synchronism with a relativis-

tic particle beam. The ends of the transmission line are

coupled to WR10 waveguide through coupling cavities de-

signed to match to a traveling wave at 91.392 GHz. A great

virtue of such a longitudinally invariant structure is that

small features such as disks are eliminated. At the same

time the tunability a�orded by the adjustable gap (2a in

Fig. 1) relaxes machining tolerances signi�cantly. In addi-

tion, the �eld con�guration is such that the surface electric

�eld at the copper is smaller than the on-axis �eld. In con-

trast, disk loaded waveguide typically has a surface �eld

twice the accelerating gradient. Another virtue is that the

side opening a�ords high vacuum conductance and wake-

�eld damping.

In this paper we describe the design considerations, fab-

rication and bench-test of such a \composite" accelerator

{ one consisting of copper and dielectric. Our criteria for

choice of dielectric were vacuum compatibility, breakdown

threshold, moderate permittivity ("r < 10) for reasonable

group velocity (giving reasonable maching tolerances), and

low loss-tangent. We pursued the use of two materials:

alumina ceramic and carbon vapor deposition (CVD) di-

amond, with relative permittivities at W-band of 9.5 and

5.5, respectively. Diamond is of great interest [6] for high-

gradient work, where heating and breakdown are concerns.

II. Principle of the Slab Accelerator

A smooth conducting waveguide cannot provide acceler-

ation due to phase velocity in excess of the speed of light.

Addition of a dielectric liner can however slow down the

wave and permit synchronous interaction with a charged

particle beam to provide acceleration. The earliest { and

ongoing { studies of such structures concentrated on a

cylindrical geometry operating at X-band [7]. At W-band

(8� smaller), a cylindrical geometry is diÆcult to fabri-

cate, and it is for this reason that we have pursued the

slab geometry of Fig. 1.

To illustrate the principles of the planar dielectric accel-

erator, let us examine the �elds in a parallel plate con�g-

uration. The plates are lined with dielectric material of

relative permittivity "r, separated with a vacuum gap of

distance 2a, as seen in Fig. 1. For illustration we analyze

the �elds in the limit w=b � 1. The solution of the

Helmholtz equation for the axial electric �eld is even in y

and for y > 0 given by the real part of

Ez = Ge
ikzz�i!t

8<
:

cos(k1y) y < a

cos(k1a)

sin[k2(a� b)]
sin[k2(y � b)] a < y < b

(1)
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where G is the on-axis gradient, kz is the longitudinal wave

number, ! is the angular frequency, and k1 and k2 are

the transverse wave numbers in the vacuum and dielectric

respectively, and satisfy

k
2
1 =

!
2

c2
� k2z ; (2)

k
2
2 = "r

!
2

c2
� k2

z
: (3)

The dispersion relation is

tan(k1a) tan(k2[b� a]) = "r
k1

k2
: (4)

For acceleration we also have the requirement that the

wave be synchronous with a speed of light particle !=kz =

c. This implies

k1 = 0 (5)

k2 =
!

c

p
"r � 1: (6)

The �eld components corresponding to k1 = 0 are

Ez = Ge
ikzz�i!t

8<
:

1
sin(k2[y � b])
sin(k2[a� b])

(7)

Ey = ikzGe
ikzz�i!t

8<
:

�y
1

k2

cos(k2[y � b])
sin(k2[a� b])

(8)

Bx = �
ikz

c
Ge

ikzz�i!t

8<
:

�y
"r

k2

cos(k2[y � b])
sin(k2[a� b])

(9)

From this analysis a number of practical formulas

emerge. One may show that the ratio of surface �eld to

accelerating �eld is

Ey

G
=

s�
!a

"rc

�2
+

1

"r � 1
(10)

which is a fraction smaller than 1 for our examples. The

power owing through the structure is

P =
!
2

c2

G
2

Z0
W

�
2a3

3
+
b� a
a

�
a
3

"r
+
"ra

k22

�
+

a

k22

�
(11)

where W is the width of the structure. The group velocity

at synchronism is

vg

c
=

1 +A="r

1 +A
; (12)

where we abreviate

A =

�
b

a
� 1

�"
1 +

"r

k22a(b� a)
+

�
"r

k2a

�2#
(13)

A useful approximate solution to the dispersion relation

corresponds to the limit "r
�
b�a

a

�
� 1 and is given by

k2 �
�=2

b� a: (14)

An illustrative design would take G = 1 GV/m, in a

structure with resonance at !=2� � 91.4 GHz, dimensions

a = 300 �m, b = 550 �m, and "r = 9:5. The group velocity

is given by vg=c � 1="r � 0:1 and taking W � b the power

required is 500 MW. This structure scaled down from a

free-space wavelength of 3.3 mm to 1:5 �m would require

100 W for the same gradient.

III. Design and Tolerances

In general, design of an accelerator structure proceeds

from an optimization of�
R

Q

�
=
G
2
vg

!P
(15)

and while the example of Sec. II is useful as a guide, it is

possible to be more precise with the help of a �nite di�er-

ence electromagnetics code Gd�dL [8]. For illustration, we

present two structure designs each using alumina ceramic

and diamond. Dimensions were chosen compromising be-

tween high [R=Q] and adequate beam aperture with syn-

chronism at the design frequency held constant. With the

aid of Gd�dL, we arrived at the geometrical parameters

for the structures listed in Table I. This table summa-

rizes design parameters for an alumina structure (column

1); its slab counterpart (column 2) is obtained holding b=a

constant. Similarly, diamond and its slab counterpart are

listed in columns 3 and 4.

An in�nite length structure is modelled numerically by

one with �nite length having periodic boundary conditions.

The numerically computed Q resulting from sidewall cop-

per and dielectric loss in this �nite length structure may

then be employed to determine the attenuation length in

the traveling wave structure by the relation

� =
!

2Qvg
: (16)

The �eld-solver also provides the dispersion characteris-

tics of the various structure modes. For illustration, disper-

sion curves for the monopole modes of the diamond struc-

ture (column 3, Table I) are illustrated in Fig. 2. The accel-

erating mode corresponds to the curve labelled HEM11 in

TABLE I

List of geometrical parameters for example structures,

with resonance at 91.4 GHz.

Gd�dL Slab Gd�dL Slab

"r 9.5 9.5 5.5 5.5

a (�m) 360 300 272 230

b (�m) 650 550 680 575

W (�m) 800 | 1360 |

vg=c 0.1 0.1 0.2 0.2

[R=Q]
�
k

m

�
90 | 94 |

� (m�1) 6.4 6.8 2.2 3.0

Q 1500 1400 2200 1600

Ey=G 0.6 0.6 0.7 0.5
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Fig. 2. The dispersion diagram for the lowest monopole modes and
the speed of light line v = c for a diamond structure, for illustra-
tion.

Fig. 2, and the operating frequency is indicated by a circle.

The wave number at the operating frequency is kz = !0=c.

As in a conventional structure, synchronism imposes tol-

erances on the geometry. The sensitivities to dielectric

thickness (d = b�a), width (w), and gap distance (2a) are

listed in Table II for two sample structures. Conversely the

coeÆcients of Table II permit correction of uniform errors

of the geometry by adjustment of the gap distance (2a),

albeit with some compromise in [R=Q] or beam aperture.

Such tuning errors cause a deviation of phase velocity

from c that results in particle phase slippage from the RF

phase. A uniform deviation of �kz from the speed of light

line will result in a linear phase slip

Æ�(z) = �kzz: (17)

The result is a reduction in the voltage gain experienced

by a particle traversing the structure,

V

V0
=

1

l

�����
Z l=2

�l=2

e
jÆ�(z)

dz

����� = sinc

�
�kzl

2

�
; (18)

TABLE II

Phase sensitivity to dielectric thickness (d), width (w), and

gap distance (a) for the structures described in Table I.

Units are m�1=�m.

Alumina Diamond

Ækz

Æd
34 15

Ækz

Æw
3.2 1.3

Ækz

Æa
2.9 2.5

V1
+

V1
-

Vc1

V4
+-

V4

V2
+

Vc2

V3
+

V3
-

V2
-

INPUT
WAVEGUIDE

OUTPUT
WAVEGUIDE

INPUT
CAVITY

OUTPUT
CAVITY

DIELECTRIC

Fig. 3. Sketch of dielectric structure indicating input, output, and
transmission line voltages.

where V0 is the voltage gain absent errors. It follows that

allowance of 10% voltage reduction in a structure with l �
2:54 cm requires j�kz=kzj < 3%. Presently, we show that

we were able to tune the structure well within this limit.

Another kind of error of potential concern, corresponds

to a linear taper in w or d. This kind of error cannot

be tuned away, in contrast to the previous uniform error.

Considering w = w0+ �wz where �w is the taper angle, the

phase velocity corresponds to axial wavenumber

kz(z) = kz(0) +
Ækz

Æw
�wz: (19)

The phase slip Æ� is found by integrating the phase velocity

along the length

Æ�(z) =
1

2

Ækz

Æw
�wz

2
: (20)

A calculation like that of Eq. (18) gives

V

V0
=
jC(�) + iS(�)j

�
; (21)

� =
l

2

r
�w

�

Ækz

Æw
(22)

where C and S are the Fresnel functions. For a 10% voltage

reduction and l � 2:54 cm, the thickness (d) variation must

be held to 13 �m from one end to the other. The width (w)

taper must be less than 72 �m. These numbers represent at

least a factor of 3 improvement (increase) in the tolerance

over that for a conventional disk loaded structures.

IV. Circuit Model

In the foregoing we have discussed the traveling wave

structure of Fig. 1; however, this is only part of the mil-

limeter wave circuit. The complete structure forms the

circuit indicated in Fig. 3, consisting of connecting waveg-

uide, an input coupling cavity, the dielectric transmission

line, an output coupling cavity, and another connecting
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waveguide. As an accelerator, and an rf circuit, this sys-

tem may be modelled as two coupled cavities connected by

a transmission line. The transmission line model param-

eters are L, the length of the dielectric line, kz , the axial

wavenumber, and �, the attenuation constant.

The input cavity is characterized by the parameters:

Qe1 , the external quality factor quantifying the coupling

between the cavity and waveguide, Qe2 , characterizing cou-

pling between cavity and dielectric line, !1, the cavity res-

onance frequency, and Qw1
, the cavity wall Q. In the time-

domain, the two-port cavity model takes the form�
d
2

dt2
+

!1

QL1

d

dt
+ !

2
1

�
Vc1 = 2

!1

Qe1

d

dt
V
+
1 + 2

!1

Qe2

d

dt
V
+
2

(23)

to give the steady-state result at angular frequency !,

Vc1 = 2QL1e
�i 1 cos 1

�
V
+
1

Qe1

+
V
+
2

Qe2

�
(24)

where 1=QL1
= 1=Qe1 + 1=Qe2 + 1=Qw1

and

tan 1 = QL1

�
!1

!
� !

!1

�
(25)

From Eq. (24) we get the scattering matrix elements for

the input cavity viewed as a two-port cavity

A11 =
V
�

1

V
+
1

=
Vc1 � V +

1

V
+
1

= 2
QL1

Qe1

e
�i 1 cos 1 � 1 (26)

A12 = A21 = n
Vc1 � V +

2

V
+
1

=
2QL1

e
�i 1 cos 1p
Qe1Qe2

(27)

A22 =
V
�

2

V
+
2

=
Vc1 � V +

2

V
+
2

= 2
QL1

Qe2

e
�i 1 cos 1 � 1 (28)

where n1 =
p
Qe1=Qe2 . In the same way we arrive at the

scattering matrix elements for the output cavity

B11 =
V
�

3

V
+
3

=
Vc2 � V +

3

V
+
3

= 2
QL2

Qe3

e
�i 2 cos 2 � 1 (29)

B12 = B21 = n2
Vc2 � V +

4

V
+
3

=
2QL2

e
�i 2 cos 2p
Qe3Qe4

(30)

B22 =
V
�

4

V
+
4

=
Vc2 � V +

4

V
+
4

= 2
QL2

Qe4

e
�i 2 cos 2 � 1 (31)

where n2 =
p
Qe3=Qe4 . Concatenating the input cavity

S-matrix, the S-matrix for the transmission line, and the

output cavity we arrive at the S-matrix for the system as

a whole as in Fig. 3,

S =

 
A11 +

�2A12B11A21

1��2B11A22

�A12B12

1��2B11A22

�B21A21

1��2B11A22

B22 +
�2B21A22B12

1��2B11A22

!
(32)

The transmission line coupling the two cavities has phase

length and attenuation described by � = e
�(ikz+�)L, where

Fig. 4. Picture of a planar dieletric accelerator structure made from
two identical halves. The alumina strip is brazed to the center
and located between the input and output waveguide and cou-
pling cavities.

the dispersion relation for the transmission line is deter-

mined by simulation. Referring to Fig. 3, S provides direct

comparision with bench tests via�
V
�

1

V
+
4

�
= S

�
V
+
1

V
�

4

�
: (33)

We employ Eq. (32) for comparison with measurements, as

we describe below.

V. Fabrication and Cold-Test

The �rst step of the fabrication process was to machine

the dielectric. The alumina was ground to its �nal dimen-

sion; the diamond was laser cut. The results were essential-

ly 1" long \toothpicks" with cross-sections of 0.3�0.8 mm2

for the alumina and 1.3�0.4 mm2 for the diamond with

tolerences in the range 5-10 �m.

The dielectric strips were aligned to the center of the

ats using a precision machined �xture, and brazed to the

copper substrate using an active braze alloy (ABA) from

WesCo, CuSilABA (78% Cu, 20%Ag, 2%Ti). Happily, we

have not yet seen dielectric cracking or copper warping due

to stresses induced by the braze process. In priciple, this is

a concern given di�erential expansion at the 810ÆC braze

temperature of the copper and alumina (diamond) with the

expansion coeÆcients of 2�10�5 and 1�10�6 (0.8�10�6).
After the dielectric was brazed, we cut the input and

output waveguides and coupler cavities using stub electro-

discharge machining (EDM). Location of the cavity and

dielectric centers were required to be within 5 �m. After a

�rst cut of the cavities, photo seen in Fig. 4, we assessed the

state of the structure employing a W-band vector network

analyzer (VNA) [9]. In this way we could determine the

transmission and reection characteristics, and make com-

parison with Eq. (32), employing the externalQ's, wallQ's,

and the resonance frequencies.

Finding that wall quality factors were rather low in pre-

vious EDM cavity studies, we performed a stub EDM test-
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Fig. 5. S-matrix parameters as measured with the VNA including
the power sum S

2 = S
2

11
+ S

2

12
(dashed).

cut of additional stand-alone coupling cavities to measure

the quality of the cut structures. We found that the wall

Q of the cavity could be improved by \sand blasting" the

cavity with 10 �m alumina ceramic powder. We saw a

20% improvement in wall Q and no appreciable change in

external Q or resonance frequency.

In this way, after three iterations of cutting and measure-

ment, we had cut the coupler cavities to proper frequency

and coupling, and arrived at a circuit characterized by the

scattering matrix parameters depicted in Fig. 5 for the a-

lumina example.

Using the circuit model already discussed and comparing

with the data of Fig. 5 with the modelled results shown in

Fig. 6, we inferred the circuit parameters listed in Table III.

Independent measurement of the \sand-blasted" coupling

cavities con�rmed Qw1
and Qe1 .

VI. Bead Pull

As discussed earlier, the phase velocity of the structure

must be maintained to within�3%. The phase velocity was
measured by means of a non-resonant bead pull. The �eld

perturbation was provided by a 100 �m diameter stainless

steel hypodermic needle stretched transversely across the

structure. The perturbation caused by this needle in a

non-resonant structure takes the general form [10],

�S11 =
i!

2P

�
��eE

2 � ��mH2
�
e
�2z (34)

TABLE III

Circuit model parameters describing the accelerator as a

series of lumped elements for the alumina example with

L = 2:54 cm.

!1=2� Qw1
Qe1 Qe2

91.4 GHz 1000 80 130

!2=2� Qw2
Qe3 Qe4 �

91.5 GHz 130 80 1000 14 m�1
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S

Fig. 6. S parameters from Eq. (32) for a planar dielectric acceler-
ator structure with realistic dielectric waveguide characteristics
including dispersion and attenuation. S2 = S2

11
+ S2

12
(dashed)
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Fig. 7. Phase of �S11 as measured from bead pull overlaid with the
theoretical result, con�rming kz = !=c.

where  = (ikz+�), P is the power and the polarizabilities

of the needle are described by �e and �m. In fact, inference

of the complex wave number is independent of �e and �m.

The wavenumber, kz , may be inferred from the phase of

�S11, shown in Fig. 7, for the alumina example. This

structure was tuned by adjusting the gap distance (2a) to

yield a phase velocity within 0.1% of the speed of light.

The attenuation length of the ceramic may be inferred

from the amplitude of �S11 shown in Fig. 8, well �t by

1=� = 73 mm. These data may be compared with those

listed in Table I. While we cannot distinguish dielectric

and copper loss by our measurements, our experience with

copper waveguide of similar manufacture corresponds to an

e�ective surface resistance 30% over that of an ideal smooth

OFE copper surface. From this and our observed �gure for

attentuation, we may infer a loss-tangent of 1 � 10�3 for

alumina, lying in the range of reported values 0:8� 1:6�
10�3 at W-Band.

In parallel with the alumina structure, we have per-

formed a similar study of a diamond dielectric structure
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Fig. 8. Attenuation length as measured from a bead pull, overlaid
with the least-squares �t with decay length, 1/� = 73 mm.

including design, fabrication and bench-test. The data for

our diamond structure revealed that our diamond samples

were of low quality, with a dielectric constant of 5.7 rather

than 5.5 and a high loss tangent in the 10�2 range.

VII. Discussion

We have presented for the �rst time an assembled and

bench-tested W-Band dielectric accelerator. For some

years discussion of mm-wave accelerator structures has cen-

tered on the diÆculty of fabrication of miniature disk-

loaded guide [11], [12]. Here we have seen that an alterna-

tive approach employing a smooth dielectric loaded guide is

quite feasible. Clearly, assembly, cleaning, and �ne-tuning

on the bench are critical in arriving at accurately tuned

input and output cavities, and high wall Q's. As for lower

frequency accelerator work, fabrication goes hand-in-hand

with rf measurements on the bench.

This structure was subsequently installed on an electron

beamline [13] and excited by a 0.5 A, 100 ns relativistic

beam developing a circulating power of 200 kW, corre-

sponding to a peak on-axis gradient of 20 MV/m. No indi-

cation of ceramic charging, breakdown, or dielectric dam-

age was observed and good vacuum integrity was main-

tained (10�8 torr in the beamline). Further details of the

tests with beam are the subject of a future work.
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