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Frequency control in the process of a multicell superconducting
cavity production

Valery Shemelina) and Paul Carriere
Cornell Laboratory for Accelerator-based Sciences and Education (CLASSE), Ithaca, New York 14853, USA

(Received 5 March 2012; accepted 9 April 2012; published online 26 April 2012)

Modifications in the geometry of a superconducting RF cavity due to various processing procedures
are presented in a convenient matrix formulation. Specifically, the effect of chemical etching, cool-
ing down, and preloading are characterized, while the corresponding frequency shifts are calculated
with a reliable software. This matrix method was used in the fabrication of the first cornell energy
recovery linac (ERL) 7-cell cavity. Cavity fabrication can be broken down into three main stages:
deep-drawing cups, welding the cups in pairs to obtain “dumbbells” and end groups, and, finally,
welding the obtained components into a completed cavity. Frequency measurements and precise ma-
chining were implemented after the second stage. A custom RF fixture and data acquisition system
were designed and validated for this purpose. The system comprised of a mechanical press with RF
contacts, a network analyzer, a load cell and custom LABVIEW and MATLAB scripts. To extract the
individual frequencies of the cups from these measurements, the established algorithm of calculations
was analysed and corrected. Corrections for the ambient environment were also incorporated into the
measurement protocol. Using the procedure presented, the frequency deviation of the completed 1.3
GHz 7-cell cavity was 360 kHz, corresponding to an average error about 75 μm in length for every
cell. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4705985]

INTRODUCTION

Optimization of the accelerating superconducting cavity
shape consists in a search of the shape in its final super-
conducting state. This raises the question of how the ellip-
tic arc definition of cavities is modified during fabrication.
Maintaining cavity shape is important not only for limita-
tion of maximal electric and magnetic fields, but it is also
crucial to achieving a minimized BBU parameter, since the
higher order modes responsible for beam break up are even
more sensitive to geometric distortions than the fundamen-
tal TM010 mode. A robust design should account for all pro-
cessing procedures including etching, thermal contraction and
frequency tuner preload (axial preloading is needed to mini-
mize frequency tuner motor backlash) since we expect these
steps to modify the microwave properties of our resonator.
A convenient way to depict the cavity shape and techno-
logical operations changing this shape is a matrix presen-
tation of an elliptic multicell accelerating cavity described
below.

Production of the first superconducting (SC) cavities for
the Cornell University energy recovery linac (ERL) is com-
plete. In the initial stage of fabrication, we encountered an
issue regarding frequency control of individual cells when the
half-cells (or cups) are welded together to form “a dumb-
bell.” Because of a non-ideal shape of the cups and not
fully controlled shrinkage of material by welding the cups
are intentionally manufactured with some extra length on
the equator which should be trimmed in the following pro-
cessing. We used a wealth of experience in the fabrication
of SC cavities described in DESY and JLab publications.1–3

a)Electronic mail: vs65@cornell.edu.

Both labs used measuring fixtures with a perturbing body to
identify a possible asymmetry of the dumbbell. There is no
direct reference in the DESY publications how this asym-
metry is used to define the individual cup frequencies, but
in the JLab publication, the measured frequencies with and
without perturbation were used for the definition of the π -
mode frequencies of the cups. Some corrections to the for-
mulae for calculation of these frequencies and description of
the dumbbell measurements are given in the second part of
this paper.

MATRIX DESCRIPTION OF THE CAVITY SHAPE

Superconducting RF cavity shape is commonly defined
by a series of elliptical arcs connected with tangent segments,
as shown in Figure 1.

So, a full description of the final dimensions of a cavity
excluding the lengths of end pipes can be explicitly presented
as

dim_ f =

⎛
⎜⎜⎜⎜⎝

x1 x2 · · · xn

y1 y2 · · · yn

a1 a2 · · · an

b1 b2 · · · bn

⎞
⎟⎟⎟⎟⎠ .

“Final” refers to the cavity when it has had a surface
preparation (etching and, possibly, tumbling), preloading and
cryogenic cooling down. In the first line of the matrix are lon-
gitudinal coordinates of the centres of the elliptic arcs, in the
second line – the radial coordinates of the centres, in the third
and fourth – longitudinal and radial half-axes of the ellipses,
respectively.
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FIG. 1. A multicell cavity (upper picture) and its presentation as a chain of
elliptic arcs connected with straight segments: inner half-cell and end cell
(lower pictures). End cells can have an additional iris: compare the right and
left ends.

If shrinkage only due to niobium thermal contraction
from 293 K to 0 K is considered,4 the starting dimensions
of the cavity should be bigger by the factor of 1 + kT = 1
+ 1.43 × 10−3:5

dim_s = dim_ f · (1 + kT ).

Similarly, if only etching is taken into account, then

dim_s = dim_ f − Etch,

where the matrix Etch is defined by

Etch =

⎛
⎜⎜⎝

0 0 · · · 0
0 0 · · · 0
ex1 ex2 · · · exn
ey1 ey2 · · · eyn

⎞
⎟⎟⎠,

where positive values in the third and fourth rows correspond
to concave surfaces (equatorial ellipses) and negative values
of ex and ey are for decreasing half-axes (irises). This formu-
lation allows us to account for different values of etching for
equatorial and iris regions if they are known from experiment
(different ellipses = different columns) and even for lower
and upper parts of the ellipses (for different axes = different
rows).

If only compression (or stretching) of the cavity is con-
sidered, we can write

dim_s = dim_ f − P · �L ,

where P is the matrix of “pliability”:

P =

⎛
⎜⎜⎝

px1 px2∗ · · · pxn∗

py1 py2 · · · pyn
pa1 pa2 · · · pan
pb1 pb2 · · · pbn

⎞
⎟⎟⎠,

px1, py1, pa1, pb1, and so on are coefficients in the relations:
�x1 = px1 · �L, �y1 = py1 · �L, �a1 = pa1 · �L, �b1
= pb1 · �L, and so on. �L is total compression of the cav-
ity. �x1, �y1, �a1, �b1, . . . are changes in the correspond-
ing coordinates and axes lengths. Asterisks designate the cu-
mulative values: px2* = px1 + px2, px3* = px2* + px3, and
so on.
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FIG. 2. Deformation of the inner half-cell of the Cornell ERL cavity (with
stiffening rings, upper pictures) and of the low loss cavity of the Jefferson
Lab.3 Wall thickness in simulation is 3 mm. Outer surface of the cavities is
not shown. The deformation of �L = 10 μm is magnified ×1000.

Since all the corrections are small, we take into account
the first order only and unite them in the final formula

dim_s = dim_ f · (1 + kT ) − Etch − P · �L .

CONSERVATION OF THE ELLIPTIC SHAPE

In the previous derivation, we assumed that the elliptical
definition of a cavity is maintained. This assumption is moti-
vated by the relatively small changes of dimensions incurred
during technological operation. Nevertheless, we present sim-
ulated data for deformation due to cavity tuning (i.e. axial
loading). Simulations were done6 for the Cornell ERL and
for the JLab low loss cavity.3 There are no stiffening rings in
the LL cavities7 and its deformation is quite different from the
cavity with stiffeners.

Results of the simulation are presented in Figure 2 and in
Table I. By fixing the left-most or the right-most point of the
half-cell at place (left and the right images respectively) one
can see that deformations of the equatorial and iris regions
are small and the most part of deformation consists in tilting
of the tangent line segment connecting the elliptic arcs. It is
seen that the stiffening ring also noticeably deforms. The ef-
fect of shortening the cavity (as is shown on the picture, �L
< 0) on the other dimensions of the Cornell and JLab multi-
cell cavities inner cell is presented in Table I (see lower left
portion of Figure 1 for inner cell designations).

One can also note that tuning to the desired frequency oc-
curs not because of change of the equatorial radius as is stated

Downloaded 07 Sep 2012 to 128.84.183.84. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions
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TABLE I. Coefficients of the P matrix for the inner cell and relative deformation of the equator and iris radii; designations for the geometric parameters (A, B,
a, b, L, Req, Ra) – see Figure 1 (lower left); x1, y1, x2, y2 are coordinates of the ellipses centres.

Equator area Iris area

Cornell JLab Cornell JLab
ERL cavity LL cavity ERL cavity LL cavity

px1 = �x1/�L 0 0 px2 = �x2/�L 1 1
py1 = �y1/�L −1.134 −0.553 py2 = �y2/�L 0.038 0.39
pA = �A/�L 0.415 0.15 pa = �a/�L −0.076 0.12
pB = �B/�L 1.027 0.549 pb = �b/�L −0.010 0.29
�Req/�L = py1 + pB −0.107 −0.004 �Ra/�L = py2 − pb 0.048 0.10

in Ref. 3 but mainly because of change of the wall slope an-
gle resulting in a decreased distance between irises and, there-
fore, change in capacitance. The increase of the equator radius
also decreases the frequency and this contribution is about
30% (calculated with SLANS) in the case of the Cornell ERL
cavity with stiffening rings but is much smaller for a cavity
without stiffening rings as can be seen from the picture and
the table. The presence of the rings increases deformation of
the equatorial radius but this deformation is practically zero
in the absence of rings.

Physically, it is reasonable because the force needed to
stretch/squeeze the belt between two planes parallel to the
equator plane and spaced, say, 1 cm from the equator, along
its length is much bigger than the force needed to bend the
cavity slanted wall even though a part of this wall is fixed
with a stiffening ring.

After deformation the elliptic shape of the equatorial and
the iris area is maintained, Figure 3. Moreover, the straight
segment is tangent to the arcs as before with a good accuracy.
To quantify the deformation we define the normalized root-
mean-square deviation (NRMSD) of the deformed shape from
the changed ellipse,

NRMSD = RMSD

Rmax − Rmin
.

For the equator elliptic arc, in the case of the Cornell ERL
cavity, NRMSD is 1.2% while for the iris arc it is found to
be 1.1%. Here, the root-mean-square deviation, RMSD, is de-

r (mm)r (mm)

z (mm) z (mm)

120

100

80

60

40

20

120

100

80

60

40

20
0          20          40           60 0    10    20    30    40    50

FIG. 3. After deformation the cell keeps elliptic arcs with a straight segment
between them.

fined as

RMSD(Re,i − Ra,i ) =
√

�n
i=1(Re,i − Ra,i )2

n
,

where Rmax and Rmin are the limits of the arcs in the radial
direction, Re, i and Ra, i are radii at the points along the ellip-
tic arcs and on the “actual” arcs calculated by ANSYS, re-
spectively. The number of points, n, in this example is 11 for
the upper arc and 10 for the lower elliptic arc as is shown in
Figure 3. Let us restate that these deviations of the arcs are
also magnified 1000 times, and actually the elliptic shapes
deviate by approximately 0.001% rms.

Measurements done with the Zeiss coordinate measuring
machine show that real deviation from the elliptic shape after
fabrication may run as high as 100 – 200 μm.8

With the end plates fixed, the sensitivity of the cavity to
differential pressure between the inner vacuum and outside
wall (atmosphere or liquid helium) is about 1 Hz per millibar,
or 1 kHz per atmosphere,6 and is negligible compared to the
axial loading.

In the case of the ERL inner cell, the sensitivity to axial
loading is 300 kHz/52 μm. The value of 300 kHz can be suf-
ficient for preloading. Cooling down will change the dimen-
sions up to 150 μm (equatorial radius), and etching is about
150–200 μm (sometimes light etching is used after the usual
etching procedure). All these values are of the same order of
magnitude but the deformation from the mechanical tuning is
the smallest compared to changes of dimensions due to etch-
ing and cooling. It is smaller than accuracy of fabrication (we
expected 200–500 μm for the whole cavity) and in the case of
the ERL we neglected this correction, i.e. we assumed the ma-
trix P = 0. However, in some cases, when no stiffening rings
are used or higher preloading is required, this deformation can
be bigger and should be accounted.

Consideration and correction of different geometrical de-
viations are also insightful for understanding of the position
and properties of higher order modes.

USAGE OF THE MATRIX APPROACH TO THE ERL
MULTICELL CAVITY

Dimensions of the ERL 7-cell cavity cells were opti-
mized taking into account different constraints.9 The final di-
mensions (in mm) of this cavity can be presented in the matrix

Downloaded 07 Sep 2012 to 128.84.183.84. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions
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form

dim_ f =

⎛
⎜⎜⎜⎝

318.54 354.42 354.42 412.42 0 57.65 1104.25 1161.39 1161.39 1197.26

19 56.95 60.30 62.35 67.31 57.12 62.35 60.03 56.96 19

36 11.27 12.49 41.51 41.35 12.35 40.91 12.57 11.28 36

36 20.95 24.30 40.53 35.57 21.14 40.53 24.02 20.95 36

⎞
⎟⎟⎟⎠ .

We have not repeated the inner half-cells dimensions 12 times
with a constant shift in the first line and mirror reflections of
the adjacent half-cells, so one only central half-cell is pre-
sented in the fifth and sixth columns. Conditionally, the ori-
gin z-coordinate here is taken equal to 0. The left and right
end groups are described in the first and last four columns
respectively. Both end groups have an additional iris like in
Figure 1 (lower right) and consist of 3 elliptic and 1 circular
arc, so need 4 columns for their description.

Etching of the cavity (BCP and EP) was performed in
several steps. The cavity orientation was changed several
times: each end was alternatively the upper and the lower end
in this procedure. So, we tried to achieve as uniform etch-
ing as possible. Ultrasonic measurements10 of the material re-
moval were evaluated as 143 μm with the standard deviation
of 37 μm (26%). These measurements were taken at each flat
section on the cell, and just above and below the equator. The
deviations in the iris area can be higher but the sensitivity of

frequency to the change of dimensions in this area is lower
and is less important. The matrix approach has a potential to
introduce difference in etching depth for the iris and the equa-
tor area but we did not do this in our calculations.

With regard to thermal contraction (1.43 × 10−3) and
uniform etching of all the surfaces by � = 150 μm we have

dim_s = dim_ f · (1 + kT ) − Etch,

where

Etch

=

⎛
⎜⎜⎜⎝

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0

1 −1 −1 1 1 −1 1 −1 −1 1

1 −1 −1 1 1 −1 1 −1 −1 1

⎞
⎟⎟⎟⎠ · �,

therefore, the compensated dimensions for the cavity produc-
tion are

dim_s =

⎛
⎜⎜⎜⎜⎝

319.01 354.93 354.93 413.01 0 57.74 1105.83 1163.05 1163.05 1198.97

19.03 57.03 60.39 62.44 67.41 57.20 62.44 60.12 57.04 19.03

35.90 11.44 12.66 41.42 41.26 12.52 40.82 12.74 11.44 35.90

35.90 21.13 24.48 40.44 35.47 21.32 40.44 24.21 21.13 35.90

⎞
⎟⎟⎟⎟⎠ .

A small difference of the end irises outer elliptic arcs
can be neglected because it is less than accuracy of pro-
duction and the elliptic arc center radial coordinate can be
taken as 57.04 mm for both irises. Besides, the initial ra-
dius of the beam pipe is 55 mm, and it should coincide
with the sum of the end iris radius (now 35.90) and the
position of its center (19.03). However, there is no neces-

sity to strictly keep the circle radius of 36 mm or its cen-
ter position as the final dimensions because this circle is
chosen for multipactor preventing11 and can be varied in
a wide range. In this case, we need only to correct the z-
coordinates of the extreme circles. After all these correc-
tions, the matrix of dimensions for the production drawings
becomes

dim_s =

⎛
⎜⎜⎜⎜⎜⎝

318.91 354.93 354.93 413.01 0 57.74 1105.83 1163.05 1163.05 1199.07

19 57.04 60.39 62.44 67.41 57.20 62.44 60.12 57.04 19

36 11.44 12.66 41.42 41.26 12.52 40.82 12.74 11.44 36

36 21.13 24.48 40.44 35.47 21.32 40.44 24.21 21.13 36

⎞
⎟⎟⎟⎟⎟⎠ (1)
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CORRECTION FOR MEASUREMENT CONDITIONS

Using SLANS,12 the calculated resonant frequency of the
central cell defined by matrix (1) is fcalc = 1299.655 MHz.
This is a frequency at room temperature (T0 = 293 K) but
without regard for dielectric permittivity of air. ε of air de-
pends on the atmospheric pressure p, humidity ϕ, and tem-
perature T(Ref. 13)

ε = 1 + 210 · 10−6 p

T
+ ϕ

psv

T

(
10040

T
− 0.30

)
× 10−6

(2)
Here p and psv are measured in mm Hg, T - Kelvin, ϕ – %. In
this formula compared to the original one, the change is made
from pair to pair = p − psv · ϕ/100, where psv is the water’s
vapour saturated pressure at the given temperature, so that the
directly measured atmospheric pressure can be used. Instead
of an inconvenient table, psv can be approximated14 by

log psv = 7.45 · T − 273

T − 38.3
+ 0.656, (3)

which very well coincides (Figure 4) with table data used in
Ref. 3.

The frequency measured in atmosphere will differ from
calculated by SLANS

fmeas = fcalc

[1 + α(T − T0)]
√

ε

where α = 7.3 × 10−6 K−1 is the thermal expansion coeffi-
cient of niobium at room temperature, T0 = 293 K.

ε in Eq. (2) can be simplified for small deviations from
normal conditions (p = 760 mm Hg, humidity = 50%,
T = T0):

ε = εnc + (0.72 · �p + 3.8 · �T + 2.0 · �ϕ) × 10−6,

εnc = 1.000646.

Taking into account both thermal expansion and variation of
ε, we have

fmeas = fcalc/[1 + (343 + 9.2�T

+ 0.36�p + 1.0�ϕ) × 10−6].

10 15 20 25 30

10

20

30

T( 0C)

psv

(mm Hg)

FIG. 4. Pressure of saturated vapor of water. Comparison of data from for-
mula (3) (line) and from the table used in Ref. 3 (dots).

For �T = �p = �ϕ = 0,

fmeas = 1299.234 if fcalc = 1299.655 MHz.

For reference, � f = 10 kHz, if � T = 0.84 ◦C, or �p
= 21.4 mm Hg, or �ϕ = 7.7%.

If we take into account the mechanical preloading, for
example, preliminary stretching for 300 kHz, then the target
frequency becomes ftarget = 1298.934 MHz. The mechan-
ical preloading was neglected in our design, therefore we
do not expect the dimensions listed in (1) to result in a fi-
nal frequency of 1300 MHz after etching, cooling down and
preloading.

As previously mentioned, the half-cells are fabricated
with some extra length in the equatorial region, such that this
length can be fitted to tune the cell to the desired frequency.

To find the target frequency of our measurements at nor-
mal conditions we can calculate the frequency value for each
state of the cavity (in MHz):

Vacuum, 2 K, tuned 300 kHz (stretched) 1300.000
Before tuning 1299.700
All the same but at 20◦C (divide by 1.00143) 1297.844
In air: 20◦C, 50% rel. humidity, 760 mm Hg (divide by
1.000323)

1297.425

Before BCP (1560 kHz/150 μm) 1298.985

This value

ftarget = 1298.985 MHz

was taken for measurements with consequent correction for
deviation of ambience from normal conditions.

A FORMULA FOR CALCULATION
THE FREQUENCIES OF THE INDIVIDUAL
HALF-CELLS OF DUMBBELL

Symmetrization of the formula

The formula for the calculating the individual resonances
of two coupled oscillators used by Ref. 3 is derived in Refs. 15
and 16:

fπ,U =
√

f 2
π + f 2

0

2
+

(
f 2
π − f 2

0

) · (2 + R)

2
√

R + 4
,

fπ,D =
√

f 2
π + f 2

0

2
+

(
f 2
π − f 2

0

) · (2 − R)

2
√

R + 4
,

(4)

with the substitution

R =
√

f 2
π − f 2

π,P,U

f 2
π − f 2

π,P,D

−
√

f 2
0 − f 2

0,P,U

f 2
0 − f 2

0,P,D

. (5)

Here “0” and “π” denote the 0-mode or π -mode respec-
tively and half-cells are distinguished by their location in the
fixture with indices “U” for up and “D” for down. Dumb-
bell mode frequencies with the perturbation object are ad-
ditionally marked with an index “P.” One can see that both
Eqs. (4) and (5) are asymmetric relative to a swap of indices
“U” and “D”. Analysis of the derivation of the formula in
Ref. 15 shows that there should be R2 in the denominators
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of Eq. (4)

f ∗
π,U =

√
f 2
π + f 2

0

2
+

(
f 2
π − f 2

0

) · (2 + R)

2
√

R2 + 4
,

f ∗
π,D =

√
f 2
π + f 2

0

2
+

(
f 2
π − f 2

0

) · (2 − R)

2
√

R2 + 4
.

(6)

Now formulae in Eq. (6) are symmetric if R in Eq. (5) changes
its sign when the dumbbell is turned upside-down. However,
this can happen only if both right components in Eq. (5) are
close to a unity

R =
√

f 2
π − f 2

π,P,U

f 2
π − f 2

π,P,D

−
√

f 2
0 − f 2

0,P,U

f 2
0 − f 2

0,P,D

≈ (1 + α) − (1 + β) = α − β,
(7)

R′ =
√

f 2
π − f 2

π,P,D

f 2
π − f 2

π,P,U

−
√

f 2
0 − f 2

0,P,D

f 2
0 − f 2

0,P,U

≈ 1

1 + α
− 1

1 + β
≈ β − α ≈ −R.

This, in its turn, can happen when the shift caused by
the extra length of the cell is less than the shift due to
perturbation.

One could transform the formula for R so that it would
be symmetrical, e. g., by taking a mean arithmetic of R and
−R′, or using an expansion by the small parameter mentioned
above. But the original formula (5) is rather compact and
the transformed formula would be presumably more cumber-
some and hardly more accurate. Let us first check formulae
(5) and (6) with a dumbbell having a given extra length of each
cup. This check can be done with SLANS.12 We will believe
that SLANS gives exact values of frequencies for the original
dumbbell and the dumbbells with perturbations. We can also
find the sensitivity of the π -mode of an individual cup to the
added extra length, referred to as the trimming parameter, t.
In our case it appeared that t = 5.1 MHz/mm. Knowing the
frequency of an “ideal” cup or the target frequency, ftarget, we
can find the extra lengths

�U = ftarget − f ∗
π,U

t
, and �D = ftarget − f ∗

π,D

t
(8)

to be trimmed. This allows us to compare SLANS results
with the results of formulae (6). We can also analyze how
errors of the measurements of the dumbbell frequencies influ-
ence on the accuracy of the found extra length. For this pur-
pose, we can generate random values of frequencies around
the values calculated by SLANS and again use the formu-
lae (5) and (6) but now for 6 arrays of “measured” frequen-
cies. Our measurements show that the standard deviation
of each of 6 measured frequencies (see Eq. (5)) is about
σ = 10 kHz. Let the dumbbell has an extra lengths from one
side only: �1 = 1mm, �2 = 0. The perturbation in this cal-
culation was taken of such a size that it makes frequency shift
of the π -mode when inserted from the “ideal” side (�2 = 0)
from 60 kHz up to 2.1 MHz, Figure 5.

One can see that very small perturbations lead to uncer-
tainty of extra length due to the errors of measurements. On

ex
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th

 (
m

m
)

FIG. 5. Simulation of a dumbbell with extra lengths 0 and 1 mm.

the other hand, big perturbations give inaccurate values for
the extra lengths calculated with formula (8).

We can treat the cup with the extra length �1 = 1 mm
as an “Upper” cup or as a “Lower” cup. The choice of the
upper or lower cup is conditional. R changes its sign when the
dumbbell is turned over but also slightly changes its absolute
value. The values of extra lengths calculated for these two
possibilities are shown in Figure 6.

We will have practically the same graph if �1 = 2 mm,

�2 = 1 (just values on the ordinate axis will increase by 1).
So, Figure 6 shows that the error is always smaller if the cup
with bigger deviation of the π -mode is taken as the lower cup,
– accuracy in this case is about two times better.

If the cups have close dimensions, this difference be-
tween frequencies defined with swapped upper and lower
cups becomes small (no difference if R = 0).

Why the old formula worked

For small values of R, the formulae (4) can be expanded,
correct to first order, as

fπ,U = fπ

[
1 + f 2

π − f 2
0

f 2
π

·
(

3R

32

)]
,

fπ,D = fπ

[
1 − f 2

π − f 2
0

f 2
π

·
(

5R

32

)]
.

(9)
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FIG. 6. Extra length calculated with Formula.
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Analogously, the formulae (6) can be simplified as

f ∗
π,U = fπ

[
1 + f 2

π − f 2
0

f 2
π

·
(

R

8

)]
,

f ∗
π,D = fπ

[
1 − f 2

π − f 2
0

f 2
π

·
(

R

8

)]
.

(10)

If the dumbbell is measured twice (or even number of times)
and Eq. (9) is used, the values in round brackets average, giv-
ing the same values as the formulae (10). Note, that R changes
its sign when the dumbbell is turned upside down, as it is
shown in Eq. (7). However, usage of the formulae (9) instead
of (10) without such an averaging will give a ±25% error for
the correction term standing after the unity.

This correction term can be neglected when both cups of
the dumbbell have close frequencies (fπ , U ≈ fπ , D ≈ fπ ) even
if fπ differs from ftarget and �U and �D are big, see Eq. (8).
Again, in this case the old formulae will work.

However, when the frequency fπ of the dumbbell is close
to the frequency ftarget, for example when one cup is shorter
and another one is longer than needed, usage of the old for-
mulae will give up to 25% error.

A DUMBBELL MEASURING FIXTURE

To measure the resonant frequencies of a fabricated nio-
bium dumbbell, a fixture with supporting hardware and soft-
ware was constructed, Fig. 7. The system was inspired by the
JLab system, with the most notable difference being the op-
erating frequency (1300 MHz instead of 1500 MHz).3 The
fixture was designed to accommodate completed end group
measurements also. In the case of end groups, no perturbation
was used since the cavity was comprised of a single half-cell.
Two feedthroughs with antennas were placed in the upper and
lower plates, and the RF measurement was done in transmis-
sion. For the end group, one antenna was replaced by a flex-
ible conductor such that it was easily inserted into the cavity.
In each case, the antenna length was trimmed such that the
cavity was heavily undercoupled with a Qext ≈ 106, giving
Ql ≈ Q0.

The measurement system consists of a HP85047A net-
work analyzer (NA), a RF dumbbell fixture with copper con-
tact fingers, and a Transducer Techniques load cell with ana-
log readout. The NA and load cell were connected to a
LABVIEW program which logs the frequency (f0), quality fac-
tor (Q0), and applied force. Q0 and f0 were determined by fit-
ting the amplitude of S21 to the Lorentzian function while ac-
counting for a constant direct transmission between antennas.
LABVIEW was chosen to increase the measurement accuracy
while simplifying the measurement and processing procedure.

The six measured frequencies comprised the 0 and π -
mode, with and without perturbation in the upper and lower
half-cells. These values were written to a file and then pro-
cessed using MATLAB. The script calculates the individual π -
mode frequencies according to the modified formulae (6). The
program recognizes which half-cell has the biggest π -mode
deviation and assigns this cup as “lower”, in spite of its phys-
ical location. The program also incorporates a correction for

FIG. 7. Dumbbell measuring fixture.

ambient conditions: humidity, temperature, and atmospheric
pressure as is described above.

The value of the frequency perturbation should be big-
ger than the error in measurement (10 kHz) but less than
the difference between the 0 and π -mode frequencies (about
26 MHz). We have chosen our perturbation such that �f
≈ 0.5 MHz. The perturbing body is a cylinder 3.175 mm in
diameter with a spherical top, and the total length of 6.5 mm.
In order to guarantee reliability, the perturbation was fastened
with a torque wrench to 10 inch · lb.

It should be noted here that there is a slight difference
(0.15 mm) in the height of perturbation when it is inserted
into the upper or lower disc. This difference causes a system-
atic error of 30 kHz. Besides, the upper disc has a sag about
0.025 mm, also causing an error, about 40 kHz. These errors
add somewhat to the rms deviation but average out because
the dumbbell is flipped during multiple measurements. Nev-
ertheless, they should be eliminated for further measurements.

To obtain a reliable RF contact at the Nb/Cu joint, the fix-
ture must compress the dumbbell between copper plates. The
mechanical press comprised of linear bearings mounted on
aluminum plates, sliding on case-hardened shafts. The press
was manually driven by a 1-inch ACME screw. ANSYS sim-
ulations show that the force applied to the dumbbell should be
kept below 350 lbs, in order to prevent inelastic deformation.
Therefore, our operating pressure was 300 lbs. Elastic defor-
mation will affect the resonant frequency of the cavity, but a
linear extrapolation to zero pressure of the f0 versus F curve
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Date 2-Aug-11
Measurement by: PRC
Temperature 21.9
Ambient Pressure 735.8
Humidity 60.0

Experiment1 : 
cc37 on top

Experiment2 : 
cc38 on top

Experiment3 : 
cc37 on top

Experiment4 : 
cc38 on top mean

standard 
dev 

<kHz>
f_0 1270.410 1270.429 1270.396 1270.432 1270.417 17
f_0_p_cc37 1269.844 1269.831 1269.835 1269.833 1269.836 6
f_0_p_cc38 1269.824 1269.856 1269.811 1269.865 1269.839 26
f_pi 1296.323 1296.337 1296.306 1296.342 1296.327 16
f_pi_p_cc37 1295.823 1295.832 1295.815 1295.835 1295.826 9
f_pi_p_cc38 1295.824 1295.830 1295.811 1295.840 1295.826 12
f_pi_cc37 1296.432 1296.188 1296.414 1296.193 1296.307 134
f_pi_cc38 1296.213 1296.484 1296.198 1296.489 1296.346 163
Trim_cc37 <mil> 19.7 21.7 19.9 21.6 20.7 1.1
Trim_cc38 <mil> 21.5 19.3 21.6 19.3 20.4 1.3
mean load <lbs> 304.7 303.8 309.8 305.0 305.8
mean Q 5555.0 5963.9 6015.9 5776.5 5827.8

Notes: 
target frequency 1298.959
trim parameter 128kHz

CC37-CC38 

FIG. 8. An example of the protocol of measurements.

found this deviation to be negligible compared to our machin-
ing tolerance. To overcome the dry-contact friction between
components, a small mechanical vibrator was attached to the
fixture. It was also helpful to gently rub the niobium dumbbell
against the copper contact using a circular motion. To exclude
the copper contamination of the niobium, a 30 min nitric acid
etch of the equators was performed prior electron-beam weld-
ing. This removes copper without action on niobium.

These measures resulted in Q0’s between 5000 and 7000.
The theoretical value simulated in SLANS was about 7500
for both 0- and π -modes, given our geometry and material.
We assumed that a Q0 greater than 5000 indicates a reliable
RF contact. Using the methods outlined above, we demon-
strated repeatable frequency measurements with σ = 10 kHz,
regardless of cavity orientation or re-insertion.

An example of the dumbbell measurement results is pre-
sented in Figure 8. Here, CC37 and CC38 are the names of
cups the dumbbell is welded of. The value to be trimmed from
each half-cell is shown in the last but one column: 20.7 and
20.4 mils (1 mil = 0.001 in. = 25.4 μm).

CONCLUSION

A convenient method to transform cavity shape from the
theoretical operating dimensions to the mechanical fabrica-
tion drawing dimensions is presented. This matrix method ac-
counts for changes to the cells shapes due to cooling down
to cryogenic temperature, mechanical tuning, and chemical
etching. Frequency corrections due to atmospheric conditions
are also analyzed.

Dumbbell cavities for the Cornell ERL multicell cavity
were measured in a measuring fixture constructed to deter-
mine equator trimming lengths. Corrections were introduced
into the formulae for calculation the individual half-cell fre-
quencies. LABVIEW and MATLAB software was written for a
semi-automatic measurements with a network analyzer, load

cell, and RF dumbbell fixture. Our system helped to control
individual cell frequencies to within narrow limits: the first
completed Cornell ERL 7-cell cavity has a field flatness of
88% immediately after fabrication and frequency deviation of
360 kHz that corresponds to an average deviation of less than
0.003 in. (75 μm) per cell.17
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