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Abstract

This paper presents a new system to measure very low
currents in an accderator environment, using a Cryogenic
Current Comparator (CCC). In principle a CCC isa conven-
tiona current tranformer usng the high performance
SQUID technology to sense the magnetic fidds caused by
the beam current. Since the system is sengitive on apA leve,
it is an optimum device to detect dark currents of super-
conducting cavities. The system presented here is designed
for the test facilities of the superconducting accd erator mod-
ules for the European XFEL at the Deutsches Elektronen-
Synchratron (DESY) in Hamburg. Measurements in a quiet
environment showed that an intringc noise leve of the CCC
of 40 pA/Hz could be achieved.

INTRODUCTION

Due to the development of the TESLA technology [1]
superconducting cavities have increasingly high cavity
gradients. In addition to the quality factor Q, an important
criterion for good performanceis alow rate of field emis-
sion. The so-called dark current consists of particles emit-
ted by field emission, which are captured by the accel erat-
ing fields of the cavity. Since this current can be emitted
at arbitrary locations in the accelerator, dark current does
not fit in energy, and thus gets lost in focussing dements
closetoitsorigin. Thisresultsin additional cryogenic loss
and activation of components. Therefore, dark current is
often the parameter that puts practicd limits on the cavity
performance.

A further increase in the gradients is technically possi-
ble by developing the preparation procedures. In order to
do this, or to guarantee a given performance during a lar-
ger production series, field emission or dark current hasto
be controlled during the fabrication process. The device
presented here provides the necessary resolution and
bandwidth to measure on the pA level. The CCC device
takes advantage of the existing cryogenic environment;
thus the requirement for cryogenic temperatures is not an
additional complication.

The linear accelerator technology, based on supercon-
ducting L-band (1.3 GHz) cavities, is currently under
study at DESY [1]. The XFEL will be equipped with a
total of 116 superconducting acceleration modules each
containing 8 “nine cel cavities’. A gradient of 23.4
MV/m is required for a so-called superstructure arrange-
ment of couples of 9-cdl cavities. Higher gradients up to
the physical limit at 50 MV/m are desired. The dark cur-
rent, due to emission of eectrons in these high gradient
fields, isan unwanted particle source.

Beam Instrumentation and Feedback

The apparatus presented here senses dark currents in
the nA range. It is based on the cryogenic current com-
parator (CCC) principle, which includes a highly sensitive
LTS SQUID system as magnetic field sensor. Further-
more, the setup contains a Faraday cup and will be housed
in the cryostat of the CHECHIA cavity test stand and
mounted at atemperature of 1.8 K.

REQUIREMENTSFOR DARK CURRENT
MEASUREMENT APPARATUS

Electrons can leave the niobium cavity material if the
force of an applied external electric fidd is higher than
the bounding forces inside the crystal structure. The high-
est field gradients occur at corners, spikes or other discon-
tinuities, due to imperfections of the cavity shape. An-
other potentia field emitter is due to any kind of imper-
fection on the crystal matter, such as grain boundaries,
inclusion of "foreign" contaminants (micro particles of
eg. In, Fe, Cr, S, Cu) and material inhomogeneity. At
these imperfections the bounding forces are reduced and
electrons are emitted under the applied high eectromag-
netic fiedlds [2]. The inner surfaces of the super-
conducting cavities undergo a series of special treatments
to minimize these effects. A reliable, absolute measure-
ment of the dark current alows the comparison of differ-
ent processing methods and a quality contral in the future
mass-production.

The XFEL will be operated in a pulse mode with up to
10 Hz repetition rate. The 1.3 GHz r.f. pulse duration is
650 ps flat top. During this time the dark current is pre-
sent and has to be measured. Therefore a bandwidth of 10
kHz for the dark current instrument is sufficient. Asfield
emission is a statistical process, the eectrons leave the
cavity at both ends of the beam pipe. Thus, half of the
dark current exits at each side, and it has to be measured
at one side only. With the 1.3 GHz r.f. applied, we expect
that the dark current will have a strong amplitude modula-
tion at this frequency. This frequency has to be carefully
rejected from the instrument eectronics to insure its
proper operation and to avoid a malfunction of the
SQUID. Thiswas done by the use of careful r.f. shielding,
appropriate filtering of all leads feeding to the SQUID
input coil, and the low pass characterigic of the trans-
former used.

The use of a cryogenic current comparator as dark cur-
rent sensor has some important advantages.

- measurement of the absolute value of the dark current,

- independence of the eectron trajectories,
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- accurate absolute calibration with an additional wire
loop,

- extremely high resolution.

The required working temperature of 4.2 K (boiling
temperature of LHe) for the apparatusis already provided
by the CHECHIA test stand for cooling the niobium cavi-
ties. In order to enable the CCC to measure the magnetic
field of the dark current only, effective shielding against
external magnetic fields hasto be realized.

THE CRYOGENIC CURRENT
COMPARATOR (CCC)

In principle, the CCC comprises three main components:

- the superconducting pick-up cail,

- the highly effective superconducting shidd, and

- the high performance LTS-SQUID system.

The CCC, first devel oped by Harvey in 1972 [3], isanon-
destructive method to compare two currents with high preci-
son usng a meander shaped flux transducer. Thus only the
magnetic fidd component, which is proportiona to the cur-
rent in thewires, will be sensed by the pick-up cail. All other
fidd components are strongly suppressed. In our apparatus
the signd current induced in the pick-up cail is fed into the
input coil of an LTS d.c. SQUID.

The design of the CCC for measurements of dark currents
has been realized by collaboration between DESY Hamburg,
Jena University, and GSI Darmstadt. The prototype appara-
tus will be placed in the CHECHIA cavity test stand and
operated at atemperature of 4.2 K.

Pickup Caoll

A single turn pick-up cail isformed as a superconducting
niobium toroid with a sot around the circumference. It
contains a Vitrovac 6025-F core (Vacuumschmelze
GmbH, Hanau, Germany) providing a high permesbility

magnetic toroidal
shielding core
=

[

-

dark
current

SQUID. EJ‘i};i\qk-up

S T =i

SQUID

Fig. 1. Simplified schematic view of the magnetic shield-

ing, the toroidal pick-up cail, and the SQUID.

of about 30,000 at liquid helium temperatures [4]. Ac-
cording to our experience 6025-F cores give the lowest
noise level in comparison to other materids tested. The
material inhomogeneity of the core is averaged by com-
plete encapsulation of atoroidal niobium coil.
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Fig. 2. Schematic view of the CHECHIA’s CCC.

Superconductive Shields

The resolution of the CCC is reduced if the toroidal
pick-up coil operates in presence of external disturbing
magnetic fields. In practice, external fields are unavoid-
able, therefore an extremely effective shieding has to be
applied. A circular meander ("ring cavities') shielding
structure (see Fig. 1) alows to pass only the azimuthally
magnetic fiedd component of the dark current, while the
non-azimuthal field components are strongly attenuated.

NUID Measurement System

The key component of the CCC isahigh performance DC
SQUID system devel oped and manufactured at Jena Univer-
Sty. The sysem makes use of the sensor UJ 111 [5).

The SQUID dectronics conssts of the low noise pream-
plifier and the SQUID control and detector unit.

For an optimal choice of bias and flux modulation point, a
white flux spectral density of 2x10°® A Hz for the SQUID
system was found. This flux noise corresponds to an equiva-
lent current noise through the input coil of 0.9 pAANHz, an
effective energy factor of 543xh (h: Planck’s congtant), and
an energy resolution of 3.6x10°" ¥Hz. Using optimum dec-
tric and magnetic screening of the sensor the 1/f noise knee
was found bdow 0.1 Hz even in a normal laboratory envi-
ronment [5].

In a DC coupled feedback loop, the fidd of the dark cur-
rent to be measured is compensated a the SQUID by an
externd magnetic fidd generated from the attached dectron-
ics. Due to the superconductivity of al leads in the input
circuitry (pick-up cail, transformer, SQUID input cail) the
CCC is ddle to detect even DC currents. For an optimum
coupling between the 1-turn toroidal pick-up coil (40 pH)
and the SQUID a matching transformer is necessary. The
overdl current sengtivity of the CCC was caculated to
175 nA/®,. Using a modulation frequency of 307 kHz the
measurement  system provides an over-al bandwidth of
20 kHz (signd leve 1 ®g) or 70 kHz (sgnal levd 0.1 @),
respectivdy. Thus, it will be possble to characterize the
pulse shape of the dark current beam (300 ps rise time, 950
s flattop, 300 ps fal time, 10 Hz repetition rate) which is
dominated by ther.f. structure applied to the cavities.

Miscellaneous



Proceedings of DIPAC 2007, Venice, Italy

Fig. 3. Nb pick-up coil prepared for preliminary tests at
4.2 K inaliquid heium wide-neck cryostat.

Faraday Cup

Because the energy of dark current eectrons is rela-
tively small at CHECHIA, the design includes a Faraday
cup to provide a second measurement system for com-
parison. We installed the Faraday cup at the end of the
cavity vacuum chamber. The readout electronics will
measure the current to ground.

The simplified scheme of the main components of the
CHECHIA’s CCC is shown in Fig. 2. Later configura-
tions for complete module tests in the test stand will not
alow simple Faraday cups because of the much higher
energies (some 100 MeV) of the dark current.

RESULTSAND OUTLOOK

Test measurements of the completed pick-up coil with
the special cabling and feed-throughs a 4.2 K were suc-
cessfully carried out in a wide-neck cryostat at the low
temperature laboratory of Jena University (see Fig. 3). A
current generator was used as a signal source to simulate
the expected dark electron beam pulses. By supplying the
calibration coil with a calibrated current pulse the current
sensitivity of the CCC was found to be 200 nA/®,, which
isin a rather good agreement with the design value of
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Fig. 4. Simulated beam pulse (upper curve, 300 psrise
time, 950 ps flattop, 300 psfall time) and SQUID output

signal (lower curve).
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Fig. 5. Noise spectrum of the CCC within a bandwidth
from 1 Hz to 1600 Hz. Low passfilter: 1 kHz.

175 nA/®,,.

Fig. 4 shows of plot of the smulated beam signal gen-
erated by a programmable current generator with the am-
plitude of 340 nA. The response signal of the SQUID
system was 1.7 @, corresponding with a current sensitiv-
ity of 200 nA/®,.

The spectral flux noise density of the system in the fre-
guency range between 1 and 1600 Hz was measured using
a HP spectrum analyzer in the laboratory at Jena Univer-
sity and alevel of 2 x 10 ®yHz was observed (see Fig.
5). For these measurements a low pass filter with a cut-off
frequency of 1 kHz was used. Thisflux noise levd corre-
sponds to a noise limited current resolution of the system
of 40 pA~Hz which is significantly better than required.

As a result of the rough measurement conditions at
DESY a noise limited current resolution of the CCC of
500 pANHz was achieved. This is primarily a result of
the external dectrical disturbances and mechanicd vibra-
tions caused by numerous machines and other equipment
of thetest facility.

Long-term measurements of the output voltage of the
CCC to detect flux drifts, caused for ingtance by tempera-
ture drifts of the core materid (Vitrovac 6025-F), showed
asufficient small drift of < 2 x 10° ®y/s.

The complete CCC is now ready for use and the fina
commissioning of the apparatus in the CHECHIA test
stand is planned within the next months.
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