










in Fig. 8 and mounted into a test stand for vertical testing.
We omitted the mild baking at�120�Cwhich is often used.

III. RADIO-FREQUENCY TESTING

The 400 MHz rf-dipole cavity was tested in cw opera-
tion using a 500 W rf amplifier at both low power and high
power. The input coupling was fixed at a Qext ¼ 3:0� 109

and was slightly overcoupled at 2.0 K. A series of vertical
rf tests were performed on the cavity at cryogenic tem-
peratures of 4.2 and 2.0 K in the vertical test facility at
Jefferson Lab.

A. Multipacting

Multipacting is a complex phenomenon that may limit
the performance of any rf cavity. Hard multipacting levels
can be eliminated by modifying the geometry at the design
stage. However, soft multipacting barriers may exist in an
rf cavity and may be a limiting factor depending on the
conditions of the inner surface. The multipacting levels
were analyzed for the 400 MHz rf-dipole cavity using the

TRACK3P package from the SLAC ACE3P code suite [36] for

an impact energy range of 20–2000 eV, which is the critical
level in secondary emission for Nb [31,37]. Because of the
similarity to a parallel platelike geometry multipacting
conditions may exist in the rf-dipole geometry [38]. The
impact energy of the resonant particles as a function of the
transverse voltage, shown in Fig. 9, suggests multipacting
levels with a secondary emission yield greater than 1.0, for
a period of 50 rf cycles. Most of the order 1 multipacting
levels at higher transverse voltages disappear at operation
with higher rf cycles. As shown in Fig. 10, the resonant
particles with the critical impact energies lie primarily on
the end plates of the rf-dipole cavity where the multipact-
ing is of order 1 [39].
The cavity was initially tested at 2.0 K followed by a test

at 4.2 K and another test at 2.0 K. In the first 2.0 K high
power rf test a multipacting barrier was observed at very
low fields. After a few minutes the input power was
increased, the multipacting level disappeared, and the
transverse voltage jumped to about 2.5 MV. As shown in
Fig. 9, both barriers were easily processed with increasing

FIG. 9. Electron impact energy in the 400 MHz rf-dipole cavity with varying transverse voltage.

FIG. 10. Position of the resonant particles on the rf-dipole cavity with corresponding impact energy (left) and multipacting order
(right).
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input power, and were shown to be soft multipacting
barriers. The input power was then decreased down to
1 MV in small steps and no multipacting levels were
observed. Further multipacting levels were not observed
during the remainder of the 2.0 K test or on the following
4.2 and 2.0 K tests. This observation is consistent with what
was expected from the simulations.

B. Radio-frequency measurements

The performance of the rf-dipole cavity was obtained by
measuring the unloaded quality factor (Q0) as a function of
the transverse voltage. Figure 11 shows the measured un-
loaded quality factor as functions of the transverse electric
field (Et), transverse voltage (Vt), peak surface electric
field (Ep), and peak surface magnetic field (Bp).

TheQ curve at 4.2 K shows a distinctive slope while it is
relatively flat at 2.0 K. This is a fairly common feature that
has been often observed in low-frequency superconducting
cavities [40,41]. Its origin is still poorly understood but
possibly related to the heat transfer between Nb and liquid
He. During the 4.2 K tests, the cavity achieved a transverse
voltage of 4.35 MV that corresponds to a transverse de-
flecting field of 11:6 MV=m and was limited by the rf
power available. The cavity was dissipating over 150 W
at 11:6 MV=m.

At 2.0 K the Q curve was flat with increasing gradient.
The cavity achieved a transverse voltage of 7.0 MV where
a quench was observed. The Q curve was flat until 5.0 MV
and dropped possibly due to field emission. Figure 12
shows the radiation produced by field emission during
the 4.2 and 2.0 K high power rf tests and measured at the
top of the Dewar. Since the cavity was sealed and not
actively pumped there was no opportunity to do He pro-
cessing [42]. During the 2.0 K test the cavity reached cw

peak surface fields of 75 MV=m and 131 mT. The achieved
cw voltage of 7.0 MV is twice the design voltage of 3.4 MV
for the crabbing cavities for the proposed LHC high lumi-
nosity upgrade [27].

1. Lorentz force detuning

The Lorentz force detuning is an effect where the cavity
is deformed by the radiation pressure [43]. The magnetic
field applies pressure and deforms the surface outward,
while deformation due to electric field is inward. The
change in cavity resonant frequency due to Lorentz force
detuning was measured as shown in Fig. 13. At both 4.2
and 2.0 K the Lorentz coefficients were calculated to be
kL ¼ �122 Hz=ðMV=mÞ2. The measured coefficient is
relatively high due to large flat surfaces in the rf-dipole
cavity, and can be reduced by adding stiffeners at appro-
priate locations.

2. Pressure sensitivity

The mechanical analysis carried out using the structural
mechanical tool in ANSYS [44] shows the sensitivity of

FIG. 12. Field emission at 4.2 and 2.0 K rf tests.

FIG. 13. Lorentz force detuning at 4.2 and 2.0 K rf tests.

FIG. 11. Quality factor at 4.2 and 2.0 K rf tests.
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the cavity at operational conditions for a cavity with 3 mm
thickness and no stiffening. At 4.2 K with an external
pressure of 1 atm, the rf-dipole cavity experiences stresses
of 79 MPa, at the edges of the trapezoidal-shaped loading
elements as shown in Fig. 14 which is within the accept-
able limits considering the operational conditions. The
beam aperture area of the cavity is deformed inward re-
sulting in an outward deformation of the sides of the
trapezoidal-shaped loading elements as shown in Fig. 14,
which shows the highest sensitivity with a maximum de-
formation of 0.31 mm.

The rf-dipole cavity sensitivity to the pressure was mea-
sured in a low power rf test in cw operation during the
cooldown of the cavity from 4.2 to 2.0 K. The cavity
showed a pressure sensitivity of 0:5 kHz=torr as shown
in Fig. 15. Again this can be reduced by including stiffeners
at appropriate locations.

3. Surface resistance and power dissipation

The effective surface resistance (Rs) was calculated by
Rs ¼ G=Q0 using the unloaded quality factor measured
during the cavity cooling down process from 4.2 to 2.0 K
and the geometrical factor (G) of the 400 MHz rf-dipole

cavity given in Table I. The measurements were taken at a
field range of 0:5–0:65 MV=m that corresponds to
0.2–0.25 MV. The estimated residual surface resistance of
34 n�, shown in Fig. 16, was determined by fitting the
measured data with the BCS theory [45]. The best fit to our
data was

Rs ½n�� ¼ 2:6� 104

T ½K� exp

�
� 18:67

T ½K�
�
þ 33:9: (3)

The measured losses were higher and Q0 lower than
expected due to the high residual surface resistance.
Therefore careful analysis was done to identify the ac-
countable surface losses, and it was found that surface
losses at the beam port stainless flanges were significant.
During the tests the beam ports were blanked with stainless
steel flanges and these were found to give rise to non-
negligible losses as shown in Table II. Losses at the
blanked side ports were insignificant. Losses calculated
at the beam ports give an unloaded quality factor (Q0) of
3:8� 109 which agrees with the measuredQ0 of 4:0� 109

at 2.0 K. The expected BCS resistance for Nb at 400 MHz
is RBCS ¼ 1:3 n� at 2.0 K and RBCS ¼ 70:0 n� at 4.2 K

FIG. 16. Effective surface resistance during the cavity cool-
down from 4.2 to 2.0 K.

FIG. 14. Stress (left) and deformation (right) due to pressure.

FIG. 15. Pressure sensitivity of the rf-dipole cavity.
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[45]. Therefore the losses at the beam ports are dominant at
2.0 K, however at 4.2 K the BCS losses are higher and do
not dominate the losses at the beam ports.

IV. CONCLUSION

The first rf test of the proof-of-principle 400 MHz
rf-dipole cavity has demonstrated excellent rf properties
at both 4.2 and 2.0 K. The multipacting levels were easily
processed. High surface electric and magnetic fields were
achieved and high deflecting voltages were demonstrated
in cw operation. The relatively high residual surface re-
sistance measured at 2.0 K was consistent with the power
dissipated at the stainless steel flanges blanking the beam
line ports. The rf test results obtained by the 400 MHz
proof-of-principle rf-dipole cavity open up possibilities of
using these rf structures in future deflecting and crabbing
applications.
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