
Signal feedthroughs for the ATLAS barrel and endcap calorimeters

D. Axen
Department of Physics, University of British Columbia, Vancouver, B.C., Canada

R. Hackenburg, A. Hoffman, S. Kane, D. Lissauer, D. Makowiecki, T. Muller,
D. Pate, V. Radeka, D. Rahm, M. Rehak, S. Rescia, K. Sexton, and J. Sondericker

Brookhaven National Laboratory, Upton, NY

P. Birney, A.W. Dowling, M. Fincke-Keeler, T. Hodges, F. Holness, N. Honkanen,

R. Keeler, R. Langstaff, M. Lenckowski, M. Lefebvre, P. Poffenberger, and G. Vowles∗

Department of Physics and Astronomy, University of Victoria, Victoria, B.C., Canada

C. Oram
TRIUMF, Vancouver, B.C., Canada

(Dated: November 23, 2004)

The construction of the signal feedthroughs for the barrel and endcap ATLAS liquid argon
calorimeters is described. The feedthroughs provide a high density and radiation hard method
to extract signals from the cryogenic environment of the calorimeters using a novel design based on
flexible kapton circuit board transmission lines.

PACS numbers: 29.40.V

I. INTRODUCTION

The physics reach of the ATLAS detector at the
Large Hadron Collider (LHC) depends critically on
calorimetry1 to identify and measure the energy of lep-
tons, photons and jets. In order to satisfy the required
high granularity and resolution while operating in a high
radiation environment, liquid argon based calorimetry2

was chosen for the electromagnetic calorimeter of the
barrel region3 and for the electromagnetic and hadronic
calorimeters of the endcap regions. The advantages of
liquid argon calorimetry outweighed the difficulties asso-
ciated with the necessity of cryostats and the consequent
electrical feedthroughs to carry signal, monitoring, cal-
ibration and low voltage lines between the liquid argon
(LAr) and the warm environment.

The feedthroughs have to satisfy several stringent me-
chanical and electrical requirements2. They provide
122 880 electrical connections in the barrel and 96 000
in the endcaps. They must preserve the insulating vac-
uum of the cryostat in a fail-safe way while being able
to accommodate the relative movement of the warm and
cold cryostat walls as the cryostat cools down or warms
up. The mechanical components and welds must satisfy
the pressure vessel laws of Europe where they are in-
stalled and North America where they were built. The
feedthroughs must be highly compact and radiation resis-
tant. Each electrical conductor should transmit less than
7 mW of heat in order to limit condensation problems
that would affect the electrical signals. Calibration con-

∗Present address: Department of Physics, University of Toronto,
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siderations demand that the resistance4,5 of some of the
lines be uniform to 0.5%. The cross talk between lines is
required to be less than 0.8% between nearest neighbors
and 0.2% in all other cases. Because of the large number
of signal lines, and because of the required long lifetime of
the cryostat, extreme constraints are imposed on the re-
liability of the feedthroughs and their signal lines. Tests
of the electrical continuity after the feedthroughs were
installed in the cyrostats showed there were zero failed
channels.

In the ATLAS design, each feedthrough carries 1920
signal lines. The barrel cryostat has a total of 64 sig-
nal feedthroughs distributed radially in equal numbers
around each end of the barrel. There is a total of 50
endcap signal feedthroughs also distributed radially in
equal numbers around each endcap. High voltage for the
calorimeters is supplied through separate high-voltage
feedthroughs, which are not described here. The endcap
feedthroughs also include a number of low-power sup-
ply lines for the pre-amplifiers in the endcap calorimeters
(there are no pre-amplifiers in the barrel).

A novel aspect of the ATLAS signal feedthroughs is
the use of flexible kapton circuit board transmission lines,
henceforth referred to as vacuum cables. Very thin cop-
per traces are laid down through photo-lithography to
create highly uniform and reproducible striplines in a
compact geometry. The transmission characteristics of
the striplines are reasonably well-matched in impedance
to the rest of the cable chain. Purpose-built connectors
(pin carriers) with a very compact arrangement of pins
designed to mate with the striplines are mounted in the
warm and cold flanges. The pin carriers were designed to
have excellent grounding connections that keep the cross-
talk between neighboring signal lines low. Special care
was taken to protect the signal and ground connections
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FIG. 1: An endcap signal feedthrough prior to installation.

from degrading with age.
In brief, the calorimeter cryostats consist of outer and

inner warm vessels,where the inner vessel allows for an
evacuated beam pipe to pass through the cryostat vol-
ume. Matching outer and inner cold vessels are located
between the two warm vessels. Each feedthrough is
welded to a transition piece (or pipe) on the outer cold
vessel, and bolted to the outer warm vessel with a vac-
uum seal. The signal feedthroughs were assembled in
close cooperation at two different sites, Brookhaven Na-
tional Laboratory for the barrel feedthroughs and the
University of Victoria for the endcap feedthroughs. The
different geometries of the barrel and endcap create mi-
nor differences between the barrel and endcap signal
feedthroughs. These differences will be pointed out when
appropriate in the text.

Section II will discuss the mechanical construction of
the feedthroughs and Section III the electrical aspects.
The testing and quality assurance will be discussed in
Sections IV and V.

II. MECHANICAL CONSTRUCTION

A. Overview

A sketch of a signal feedthrough is shown in Fig. 1. Me-
chanically, a feedthrough consists primarily of a warm
flange, a cold flange, and a flexible bellows welded be-
tween the two flanges; this defines the volume of a
feedthrough, as far as vacuum is concerned. The vac-
uum volume of a feedthrough is thus isolated from the
insulating vacuum volume of the LAr calorimeter cryo-
stat and in the case of the barrel, the vacuum for the
liquid He solenoid that shares the same cryostat2. Pin
carriers welded into the flanges provide the electrical
connectors for the cabling in the three volumes (inner-
cold, feedthrough-internal, and outer-warm). The bel-
lows serves to permit a feedthrough to flex as the inner
vessel is cooled to LAr temperature (87 K) and filled,
while minimizing heat conduction and isolating the in-
ternal vacuum of the feedthrough. In the case of the
barrel, the signal feedthroughs must accommodate a sub-

stantial relative shift in position between the warm and
cold vessels when going from the warm, empty state of
a calorimeter to the cold, filled state (and back). The
geometry of the endcap cryostat results in a smaller shift
between the warm and cold vessels during cool down.

The isolation of vacuum is important if minor leaks
should develop in the pin carriers. An insulating sand-
wich of standard, cryogenic superinsulation is placed in-
side the bellows of the barrel feedthroughs, while layers
of Rohacell (a polymethacrylimide hard foam) and alu-
minized mylar are placed inside the endcap feedthroughs.
These function to restrict heat flow in the event of a
leak, which would greatly increase heat flow through the
feedthrough.

The liquid argon in the cryostats creates a maximum
pressure difference of 2.8 bar on the barrel and 2.7 bar on
the endcap cold flanges with vacuum on the other side
(inside the bellows volume). Therefore pressure vessel
codes apply. Table I shows the results of ASME6 calcu-
lations for the minimum permitted thicknesses and the
actual thicknesses used for the pressure bearing parts.
The thicknesses used exceed the minimum required thick-
nesses by a comfortable margin.

Component Minimum Actual
Required

Cold Box 0.66 mm 1.5 mm
Lower Tube 0.33 mm 1.9 mm
Flanges 11 mm >12.4 mm

TABLE I: Comparison of minimum design thicknesses and
actual thicknesses

B. Pin carriers

The pin carriers were manufactured by Glasseal7, and
consist of a stainless steel block with seven or eight rows
of insulated pins. A schematic diagram of a 7-row pin
carrier is shown in Fig. 2. Each pin carrier row (or slot)
mates to one warm cable, vacuum cable, or pigtail cable.
Identical pin carriers are used for the barrel and endcap
feedthroughs and they are arranged in exactly the same
manner on the warm and cold flanges.

Each flange has two 7-row and two 8-row pin carriers,
for a total of eight pin carriers per feedthrough corre-
sponding to thirty rows of pins on each of the warm and
cold flanges. Vacuum cables, described in Section III B,
connect the warm and cold flanges. Since a pin carrier
row contains 64 pins in a standard, dual-in-line config-
uration, there are a total of 512 pins in the 8-row pin
carriers and 448 for the 7-row, providing connections for
1920 signal lines per feedthrough.

The pin carriers employ glass as an economical insu-
lating sealant around each pin. In order to match the
expansion coefficient of the glass the metal required for
the pins is softer than normally used for electrical pins
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but is adequately hard for our needs. Although the softer
pins were more easily bent, in most cases it was possible
to straighten them again without breakage. The ground-
ing connections are strictly through the pin carrier hous-
ings; this permits a greater economy of signal lines, i.e.,
no pins are devoted to carrying grounds. The pins are
all gold-plated, as is the exposed inner metal surface of
the pin carriers, to ensure good ground contact as well as
good signal contact which should not degrade with age.

C. Warm and cold flanges and the seal ring

While the warm and cold flanges perform a simple
function, viz., to hold the pin carriers and to define the
insulating vacuum of a feedthrough, there are subtleties
involved in their design. In particular, a maximum usage
of the area is desired to keep the size and number of the
feedthroughs as low as possible. This presents a difficult
manufacturing problem by requiring the four pin carri-
ers to be as close together on a flange as possible, while
leaving enough room between the pin carriers for weld-
ing. Furthermore, the pin carriers are sensitive to stresses
caused by the welding process as well as deflections un-
der pressure during calorimeter operation. Therefore,
the specifications call for a thick pin carrier body and
a corresponding thickness for the flanges, exacerbating
the problems caused by welding. In order to minimize
the total heat input required for welding the material in
the area to be welded was reduced. In this case, thin,
close-tolerance weld preparations were machined on the
pin carrier body and the flanges using standard end-mill
tools. Close tolerances are required to promote a good
fit, which is essential for reducing the heat input needed
to achieve a good weld.

A further design-feature of the weld-preparation design
on the flanges facilitates machining of the weld to remove
any pin carrier which develops a leak after welding to a
flange. This is an important economical consideration,

FIG. 2: A top and side view of a 7-row pin carrier.

because one leaking pin carrier would otherwise require
three good pin carriers and a flange to be discarded. The
height of the weld-preparation on the flange is designed
to permit up to three such removals. Four pin carriers
required such removal over the course of construction of
the barrel and endcap feedthroughs.

There are small differences in the flanges used for the
barrel and endcap feedthroughs. These differences in-
volve slightly different weld-preparation designs required
to accommodate the different welding processes, dis-
cussed below in Section II F.

The bellows is welded to a seal ring, which is subse-
quently welded to a warm flange. This simplifies the ma-
chining of the warm flange, which is similar to the cold
flange, and facilitates attachment of the bellows.

Atmospheric pressure will exist on one side of the warm
flange and vacuum on the other during normal operation.
It is possible, in the event of a vacuum failure in the
calorimeter, that the warm flange could be exposed to a
pressure rise in the vacuum space of up to 3.2 bar for bar-
rel feedthroughs and 3.1 bar for endcap feedthroughs8.
Any significant deflection of the pin carrier in the region
where the pins are located might result in the breakage
of the glass bond. Finite element analyses of these ex-
ceptional situations were performed9 to ensure that the
resulting deflections and stresses are acceptable.

The bellows side of the cold flange is under vacuum
and the other side (LAr side) is at a maximum pressure
of 2.8 bar for barrel feedthroughs and 2.7 bar for endcap
feedthroughs8 during normal operation. Feedthroughs
are required to be tested with a gas pressure of 3.5 bar
for the barrel and 3.4 bar for the endcap, and this sets
the most stressful conditions. Finite element analyses
of this test condition were performed9. The maximum
stress is found to be localized in the corner of the weld
region of the pin carriers; 115 MPa is found for the end-
cap feedthroughs. The stresses in the sensitive region of
the pin carriers were found to be low, below 10 MPa.

D. Cold box and funnel assembly

At the bottom of a feedthrough, welded around the
bottom of the cold flange, is the cold box, which provides
room for the electrical connections to the pin carriers as
well as room for the bend radii necessary for the pigtail
cables. The cold box is fabricated from sheet stainless
steel, and is rolled and welded with a single longitudi-
nal seam. At the bottom of the cold box is the funnel
tube, offset slightly from the center of the feedthrough
to permit the barrel feedthroughs to be mounted slightly
further out from the center of the barrel, to clear the
hadronic (tile) calorimeter. This offset was also main-
tained in the design of the endcap feedthroughs. The
feedthroughs are manufactured with a longer funnel tube
than needed in order to facilitate leak testing; the excess
length is cut off just prior to welding onto an aluminum-
to-steel transition piece on the cryostat, as shown in
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FIG. 3: A signal feedthrough installed on a barrel cryostat.

Fig. 3.
Finite element analyses of the cold box were

performed9 assuming the test gas pressure of 3.5 bar, and
including a lateral force simulating the force required to
displace the bellows laterally by 15 mm, this displace-
ment occurring only for the barrel feedthroughs due to
the contraction of the barrel cryostat on cooling to LAr
temperature. All stresses were verified to be acceptable.
In particular, the stress in the transition piece was found
to be low, less than 6 MPa.

E. Bellows

The bellows are formed from 0.20 mm thick Type 316L
austenitic stainless steel2,10 with 14 convolutions in the
barrel and 13 in the endcap. They conduct heat at a
rate of less than 1 W per feedthrough2,10. The bellows
is nominally 254 mm in diameter, with a 273.1 mm in-
side diameter and a 298.4 mm outside diameter. For the
barrel feedthroughs, the bellows is welded on both ends
to a cuff to facilitate subsequent welding into the signal
feedthrough assembly. The cuff is machined from Type
304L austenitic stainless steel with a 279.4 mm inside
diameter and 22.9 mm length, and having a 1.52 mm
thickness at the ends for joining to the adjacent compo-
nent. This yields an overall length of 259 mm for the
relaxed length of the barrel bellows assembly. The end-
cap bellows have a cuff welded on the cold end, and an
integrated cuff and seal ring welded on the warm end.

A free-standing bellows is essentially a big spring, with
spring constants of 135.2 N/cm for axial motion and
285.1 N/cm for lateral motion. The change in position
between warm and cold is calculated to be 12.7 mm in

z toward the center of the cryostat while radially, the
motion varies from 14 mm at the top to 10 mm at the
sides to 6 mm at the bottom. The variation in the radial
motion is due to the shift of the center of the cold ves-
sel relative to the center of the warm vessel from warm
to cold temperatures. This results in a total stress of
1.12 GPa in the deflected, cold state. As mentioned ear-
lier, the lateral bellows motion for the endcaps is small.

The bellows is not subjected to either external or in-
ternal pressure during normal operation, since it has in-
sulating vacuum on both sides. However, the possibility
exists of a pin carrier developing a leak on the cold side,
which would introduce argon into the bellows volume11.
Failure of a pin carrier in a cold flange located at the bot-
tom of the cryostat determines the worst case scenario
requiring a specified test pressure of 3.5 bar. The calcu-
lated critical pressure Pcr, or squirm pressure a, is 2.8 bar
using the Expansion Joint Manufacturers method12, or
3.7 bar using the CODAP13 method. The actual Pcr was
evaluated by testing. The manufacturer14tested a repre-
sentative bellows by welding restraints inside the bellows
assembly and then pressurizing. Their test resulted in
some expansion at 2.1 bar. Onset of squirm occurred
between 4.0 bar to 4.1 bar. Tests at the Brookhaven Na-
tional Laboratory using water pressure showed the onset
of squirm in an initially relaxed bellows at 4.3 bar. The
bellows, although distorted, reach an ultimate pressure
of 11.7 bar. A test conducted with a bellows offset 13 mm
laterally, while the axial length was maintained showed
the onset of squirm occurred at 4.0 bar.

Section 8.5.2.4a of the CODAP13 requires that bel-
lows that are offset must have a Pcr which is 10 times
greater than the designed operating pressure. Using this
criterion, the signal feedthrough bellows design operat-
ing pressure is downgraded to 0.4 bar, and the maximum
pressure in the vacuum space must be limited to less than
this derated pressure. Hence, a relief valve is installed
on each feedthrough to prevent the pressure from rising
above 0.4 bar in the event of a catastrophic leak.

F. Welds

The signal feedthrough cross-section is shown in Fig. 4,
where the left half corresponds to an endcap feedthrough
and the right half a barrel feedthrough. Weld types
differed in some cases between the barrel and endcap
feedthroughs in order to match the welding equipment
and expertise at each of the two assembly sites. Where
the weld types differ, they are prefixed by ‘E’ for endcap
or ‘B’ for barrel in the enlargements of the weld joints
shown in Fig. 4. The mechanical and weld design of
the ATLAS signal feedthroughs conforms to the Ameri-

a Squirm is defined as the onset of nonlinearity in the bellows’

expansion as a function of pressure.
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can Society of Mechanical Engineers (ASME) Boiler and
Pressure Vessel Code6 and the CERN Safety Code D2,
Pressure Equipment15. During fabrication, the stricter
inspection requirements of the French CODAP13 and
CERN15were also observed.

FIG. 4: The welds on a signal feedthrough; the barrel (end-
cap) specific welds prefixed with a ’B’ (’E’).

For the barrel feedthroughs, an autogenous Gas Tung-
sten Arc Welding (GTAW) process was selected to per-
mit precise control of the fuse zone and, therefore, the
heat input. The circumferential welds were designed to
be accomplished in a single pass by a hand-held welding
torch with the weld-pieces tack-welded together and held
in place on a variable speed turntable. For the endcap
feedthroughs, a two pass weld was used for the three cold
box welds (E5, E6, E7). The first pass was an autogenous
weld to ensure root penetration. With the second pass,
filler material was added to complete the weld. These
welds were done manually on a hand-rotated turntable.

Weld joint 1 is the connection of the pin carriers to
the warm and cold flanges. It is performed using an edge
weld. Research at Brookhaven National Laboratory for
the Relativistic Heavy Ion Collider found that edge welds
typically have only as much penetration as the thinnest
section being fused16. Therefore the weld procedure must
be validated. For this purpose, a separate weld procedure
was developed and qualified specifically for the pin carrier
edge welds at both assembly sites. A production pin car-

rier and flange were welded, after which a section was cut
from each of the four sides for micrographic inspection.
These micrographs are shown in Fig. 5. A pressure test
also was conducted, where a production pin carrier was
welded into a specially machined Conflat c© blank flange.
The specimen was bolted to another blank flange with a
tube welded into the center for fluid access, and pressur-
ized with water. The Conflat c© flange began leaking at
58.6 bar. Pressure was reduced to 51.7 bar and held for
10 minutes. The pin carrier was then leak checked to
10−5 mbar-l/s with no leaks detected.

FIG. 5: Pin carrier weld qualification micrographs, 32× mag-
nification. The micrographs shown are: (a) exterior longside;
(b) exterior shortside; (c) interior shortside; (d) interior long-
side.

Weld joint 2 is the connection of the warm flange to
the seal ring. It is subjected to atmospheric pressure
from the outside when the vacuum space of the signal
feedthrough is evacuated, and the joint is subjected to
the spring forces created by the deflection of the bellows.
This type of joint is a commonly used vacuum technique.
The lips created by the grooves machined into the adja-
cent material are autogenously fused together.

For the barrel feedthroughs, weld joints B3 and B4 are
square butt welds used to join the bellows to the seal ring
and cold flange. The thin sections are machined to match
the thicknesses of the bellows assembly cuffs. Weld B3



6

can be visually inspected from both sides. Weld B4, how-
ever, which is done after the cables have been installed,
closes the volume and so eliminates the possibility for
inspection on the inside. The cold flange meets the bel-
lows assembly at a point lower than the surface of the
cold flange to greatly reduce the risk of hot material get-
ting inside the vacuum volume during welding. This was
verified by positioning a layer of kapton within 13 mm
of the joint on the inside of the vacuum volume during
qualification testing, simulating the presence of vacuum
cables. No damage was found on the kapton after weld-
ing. Machined surfaces on both sides of the joint provide
the very close fit necessary for a good square butt weld.
For the endcap weld E4, the bellows cuff ring was sealed
to the cold flange with an edge weld.

Weld E5/B5 is the upper attachment of the cold box
to the cold flange. For the barrel feedthroughs, its config-
uration is identical to weld B4. The cut to fabricate the
sheet produces a sufficiently precise fit for welds B5 and
B6 with only minor finishing at the ends of the longitudi-
nal weld. Weld B5 is performed after the pin carriers are
installed in the cold flange, but before any cables are con-
nected. This permits inspection of the weld on both sides.
Weld E5 was performed on the endcap feedthroughs after
all electrical cables were installed.

Weld E6/B6 is the lower attachment of the cold box to
the funnel flange. For the barrel feedthroughs, its config-
uration is identical to welds B4 and B5. The thin section
on the funnel flange is machined to match the thicknesses
of the cold box. Weld B6 is performed after the pigtail
cables are connected and tested, eliminating the ability
to further inspect the inside of the cold box. For the
endcap feedthroughs, welds E6 and E7 were performed
in advance during fabrication of the cold box assembly.

Weld E7/B7 is the attachment of the lower tube to
the funnel flange. This is the thickest section welded
on the entire device. The lower tube is fabricated from
standard (stainless steel) Schedule 5 pipe, which has a
thickness of 2.8 mm which is within the capacity of a
single-pass GTAW joint. For the barrel feedthroughs, the
thin section on the funnel flange is machined to match the
thicknesses of the lower tube. This weld is performed first
for the cold box volume, permitting inspection from both
sides. Standard ASME qualification testing, consisting of
root and face bend tests, were performed using Schedule
5 pipe from part of the lot procured for production. b

A separate qualification procedure was prepared
specifically for CERN. The cold volume of the signal
feedthrough was subjected to a pressure test. Test spec-
imens were prepared at both BNL and Victoria using

b Root and bend tests consist of cutting longitudinal strips from

the pipe across the weld, then bending the strips once at the

weld into a “vee” shape, some with the exterior, welded side

facing outside the bend, and some with the interior, welded side

facing outside the bend, the latter exposing the “root” of the

weld.

production components. Flat plates were welded over
the holes for the pin carriers in the cold flange for the
test specimen. The test specimen included the Conflat c©
flange at the bottom of the lower tube. This flange is not
used in the experiment, but is used to facilitate produc-
tion testing, including fabrication pressure testing. This
flange was capped using a blank Conflat c© flange drilled
and tapped to accept standard pressure fittings for a hy-
drostatic test. The lower tube started to deflect at 34.5
bar, due to the eccentric location within the flange. Test-
ing was stopped at 66.9 bar, when the Conflat c© flange
began leaking. While the lower tube had deflected sig-
nificantly, due to flange distortion, no joint had failed or
yielded. The cold box also bulged slightly, which was
expected since it was only designed for 2.8 bar.

The ASME6 inspection requirements depend on the
safety factors used in the design, and include visual in-
spection of each weld and a pressure test to 125% (pneu-
matic, as opposed to 150% hydrostatic) for the pressure-
bearing welds when more conservative safety factors are
used in the design, as in this case. The CODAP13 also
would have allowed these less stringent and less costly re-
quirements in their Construction Category C. However,
CERN imposed the more conservative Construction Cat-
egory A for inspection, and mandated radiographic in-
spection where practicable. Welds B5 and B7, as well
as the longitudinal welds of the cold box and lower tube
were radiographically inspected. Dye-penetrant inspec-
tion was employed for weld B6 because the inside vol-
ume was not accessible. For the endcap feedthroughs,
the longitudinal weld of the cold box was radiograph-
ically inspected, while the welds E5, E6, and E7 were
dye-penetrant tested.

G. Vacuum

The feedthroughs are pumped by a system separate
from the one providing the high vacuum for the insu-
lating volume between the inner and outer cryostat ves-
sels. The feedthroughs are constructed with two, switch-
able vacuum ports welded into the warm flange, provid-
ing for the possibility of a dual vacuum system. The
dual vacuum system permits separate pumping on any
feedthrough which may develop leaks during the course
of its life, without compromising the vacuum in the other
feedthroughs. Tests at Victoria showed that a pres-
sure of less than ∼ 10−1 millibar is adequate for the
feedthrough vacuum in order to maintain good heat insu-
lation. Thus, some small number of leaking feedthroughs
would not deprive ATLAS of a calorimeter during a
physics run. Control-line pressure-activated valves on
each feedthrough select one of the two vacuum pump-
ing systems; the positions of the valves are sensed from
double-position micro-switches on each valve.
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H. Heaters

Heat conduction primarily through the vacuum cables
cools the warm flange and pin carriers and therefore con-
densation and frosting could occur on the outer face of
the warm flange and pin carriers23. To prevent this,
heater plates are installed on the outer face of the warm
flanges. The barrel feedthroughs employ a commercial
design24 involving a heater element not unlike that found
in household kitchen range-tops. As a redundancy, the
heaters consist of two independent halves. Each half has
a resistance of 25 Ω and is rated at a maximum of 50 volts
(i.e., 2 A), but is expected to operate at a fraction of
that, unless a serious leak develops in a feedthrough. For
the endcap feedthroughs, the heaters are based on a de-
sign using six 75 Ω resistors wired in parallel (12.5 Ω
equivalent) and arranged on the outside perimeter of an
aluminum heater plate. The resistors each have a power
rating of 50 W. A pad of thermally conductive graphite
tape is placed beneath each resistor to improve heat con-
duction to the heater plate, and a 0.025 inch thick pad of
thermally conductive silicone rubber sheet is placed be-
tween the heater plate and warm flange to improve heat
conduction to the flange. Each of the resistors is indi-
vidually fused, so that the failure of any one of the six
resistors will not impact the operation of the others. This
design provides a high level of redundancy should any of
the resistors fail. Samples of resistors were subjected to
a number of tests in order to qualify their reliability. For
some of the tests, the resistors were 50 Ω rather than
75 Ω, but of the same type and from the same manufac-
turer. The tests included:

• Resistors were mounted to a water-cooled base and
powered at 50 W, their specified power rating, for
a period of 286 days. The resistors’ surface tem-
perature was about 65◦ C for this test.

• Resistors were powered at 5.1 W for a period of 308
days, not water cooled, with a surface temperature
of 100◦ C.

• Resistors were subjected over a period of 52 days to
4700 cycles of being dunked in water, then powered
at 5.4 W with a surface temperature of about 50◦ C.

• Resistors were subjected over a period of 36 days to
1080 cycles of being dunked in water, then powered
at 1.3 W with a surface temperature of about 40◦ C.
The resistors under test would be placed wet in a
freezer each evening for the duration of this test.

No resistors failed after any of these tests.
For each barrel and endcap heater, 50 W supplies are

provided for normal operation, which, together with am-
bient heating, are more than adequate. During cold tests
of the completed ATLAS barrel detectors and cryostat
system, it was found that 15 W was sufficient to main-
tain the feedthrough warm flanges at a temperature of
20◦ C, consistent with expectation. A 150 W supply

will be connected to any heater which sits on a leaking
feedthrough, if one occurs, to keep the frost off despite a
substantial heat leak. The power leads installed on all of
the heaters are designed to accommodate this larger cur-
rent. Two thermocouples mounted on the warm flange
are used to regulate the power fed to the heaters.

III. ELECTRICAL CONSTRUCTION

A. Overview

A feedthrough electrically connects the pin carriers in
the warm flange to those in the cold flange by 30 vacuum
cables. Four of the signal feedthroughs for each endcap
have special vacuum cables for the purpose of deliver-
ing low voltage power to the pre-amplifiers in the endcap
hadronic calorimeters, otherwise all signal vacuum cables
are identical with a resistance about 0.95 Ω and a char-
acteristic impedance of about 33 Ω. From the bottom
of the cold flange, outside the bellows volume, are con-
nected 30 coaxial cables of ten different types, referred
to as pigtail cables. Once ATLAS is in operation, the
pigtail cables will be immersed in LAr. Connecting the
top of the warm flange to the electronics crates are 30
cables, referred to as warm cables. A complete descrip-
tion of the cabling for the ATLAS calorimeters and signal
feedthroughs can be found elsewhere17,18.

Grounding connections were problematic during the
prototyping phase; this was determined to be due to a
lack of gold-plating on the prototype components, and
a weak spring-leaf construction in the prototype cables.
This was solved by gold-plating all of the electrically con-
necting surfaces and by employing stiffer spring-leaves on
the cable connectors.

B. Vacuum cables

The vacuum cables are flat, polyimide stripline flexible
cables2 and are designed to flex with the bellows during
filling and emptying of the cryostat. A photograph of a
signal vacuum cable is shown in Fig. 6. The large num-
ber of readout channels in the ATLAS LAr calorimeters
contributes a significant heat leakage into the cryostats
and requires a careful consideration of the kind of con-
ductors to use. Microstrip transmission lines were chosen
in order to minimize heat conduction while maintaining
signal integrity. It is estimated that the total heat loss2

through a feedthrough due to the vacuum cables is about
18.7 W, with a total of about 19.7 W including the heat
loss through the bellows. These cables must be very reli-
able since they are contained in a welded-shut volume, in-
side the bellows and between the warm and cold flanges.
The vacuum cables are therefore subjected to extensive
testing5, described below in Section V, before and after
this volume is welded shut. There are two striplines per
vacuum cable, with 32 transmission lines per stripline.
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FIG. 6: A signal feedthrough vacuum cable. Two polyimide
flexible striplines each with 32 transmission lines lie one atop
the other. The connectors at each end are 2 × 32 sockets to
mate with the pin carriers.

Each transmission line consists of a copper signal trace
and a copper ground trace separated by 51 µm of poly-
imide dielectricc. The nominal widths of the signal and
ground traces are 204 µm and 357 µm, while the nominal
thickness is 34 µm for each. The manufacturer19, how-
ever, was allowed to make minor adjustments to these
dimensions in order to meet the impedance and resis-
tance requirements. Both signal and ground traces are
covered with 76 µm of polyimide and adhesived. The
two striplines of each vacuum cable are arranged such
that the signal traces face each other on the inside and
the ground traces are facing the outside. A theoretical
model of the vacuum cable transmission line is presented
in Appendix A.

The connectors at each end of the vacuum cable have
64 gold-plated sockets arranged in a 2× 32 configuration
in order to mate the 64 signal traces to the 64 pins of
a pin carrier slot in the cold and warm flanges. The
ground traces are connected to the pin carrier by gold-
plated ground shields on either side of each connector.
The 32 ground traces of each stripline are common to
the connector ground shields on the corresponding side
of the connector, however the grounds on each side of the
connector, and hence of the two striplines, are isolated
from each other.

C. Pigtail cables

Three different types of pigtail cable20 are used for
the barrel: 50 Ω, 75 cm long; 50 Ω, 50 cm long; and
25 Ω, 50 cm long. Seven different types of pigtails are

c DuPont AP9121 Copper-Clad Laminate
d DuPont LF0120 Pyralux LF Coverlay

used in the endcap feedthroughs: 25 Ω and 50 Ω, 90 cm
long cables for the electromagnetic calorimeters, presam-
pler, and some monitoring channels; 25 Ω, 430 cm long
cables for the forward calorimeters; and three types of
50 Ω, 265 cm long cables for the hadronic calorimeter sig-
nals plus one type of 265 cm long cable for the hadronic
calorimeter low voltage preamplifier power supplies.

Each pigtail cable consists of a bundle of 64 polyimide-
wrapped coaxial cables, with the exception of the pigtails
for the low voltage power supplies which have only 60 ca-
bles per bundle. The diameter of each individual coaxial
cable is about 1.05 mm for the 25 Ω cables, 1.11 mm for
the 50 Ω cables, and 1.19 mm for the low voltage power
supply cables. The pigtail cables connect to the cold
flange with a 2×32 connector similar to that used for the
vacuum cables. For most of the pigtail cables, the connec-
tor at the other end is a high density 100-pin µD, with 64
pins connected to signal wires and 34 to ground. The sig-
nal and low voltage supply pigtail cables for the hadronic
calorimeter use different connectors, with eight 2× 8 pin
connectors for each of the signal cables and ten 2× 8 pin
connectors for each low voltage supply cable. The pigtail
connectors attach to patch panels inside the active vol-
ume of the calorimeter, in LAr, which are connected to
the calorimeter elements and calibration/monitoring cir-
cuits. The pigtail cables were manufactured by Axon’21

in close cooperation with LAL Orsay. The pigtail cables
were subjected to rigorous testing by the manufacturer,
plus additional testing, described below in Section V, at
the feedthrough assembly sites prior to installation into
the feedthroughs.

D. Warm cables

Electronics crates sit on top of pairs of feedthroughs,
except for one crate on each endcap which has only
one feedthrough; each feedthrough connects to half of
a crate’s backplane. The feedthroughs are connected to
the electronics crates with warm cables, of a very similar
design to the vacuum cables except they are shorter, 28.5
cm long face-to-face, and have a different connector on
the end which connects to the backplane of the electron-
ics crate. In addition, there are a few special 33.5 cm long
warm cables on the endcaps as well as PEEK insulated
AWG22 gauge wires, to carry low voltage to supply the
pre-amps in the endcaps. The 33.5 cm long signal cables
are necessary due to a longer than normal distance from
the pin carrier slot to the baseplane slot for some posi-
tions. In principle, the warm cables are replaceable but
since access to the experimental hall is very limited, they
are subject to the same, stringent testing applied to the
vacuum cables.
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E. Low voltage cables

The pre-amplifiers for the hadronic endcap (HEC) sig-
nal readout are located inside the LAr cryostat. The
low voltage (LV) supplies for those preamplifier boards
pass through the signal feedthroughs. Since the mi-
crostriplines, which carry the signal pulses, are too thin
to accommodate the currents of the HEC preamplifier LV
lines, special cables were devised to carry the maximum
foreseen currents while keeping the heat transfer to a
minimum22. There are four such LV cables in each of the
four HEC signal feedthroughs on each endcap cryostat.
The preamplifier boards do not all consume the same
power, so LV vacuum cables with a combination of three
different gauge wires (AWG24, AWG26, and AWG28)
were chosen so that each wire can carry its anticipated
current load, with a sufficient safety margin, while min-
imizing the heat-conducting copper cross section. Heat
loss through the corresponding LV warm cables is not
such an issue, so those wires are all AWG22 gauge. All
low voltage vacuum cables were subjected to rigorous
testing before installation.

F. Sensor and control connections

In addition to the signal, calibration, and monitoring
lines carried by the signal feedthroughs, there are several
external control and monitoring lines, which do not en-
ter the cryostat. Because these control lines are brought
in from the outside to the vicinity of the readout elec-
tronics, they are potential sources of noise and ground-
loops. To prevent such problems, strict ground-isolation
was implemented, and these lines were all brought in
through a filter box23, with one box shared by each pair
of feedthroughs. The same filter boxes are used on the
barrel and endcap calorimeters. Each filter box handles
four thermocouples, four vacuum switch position sensors,
and two heater currents.

IV. LEAK TESTING AND COLD-CYCLING

All of the individual mechanical components were sep-
arately leak tested with a commercial helium-based leak
detector prior to assembly, to reduce expenses arising
from assembling defective pieces. Test benches were con-
structed at each feedthrough assembly site, with ports for
each type of component, and switching valves to select
the port in-use. Additionally, any assembly, including
the pin carriers, were thrice cold-cycled with liquid ni-
trogen (LN2, 77 K) and then leak-tested again to ensure
that no leaks would develop from cold-cycling. Because
the cold-cycling tests were not intended to be cold-shock
tests, automated devices were designed to limit the tem-
perature gradient during cool down of the pin carriers.
For the barrel feedthroughs, a lowering apparatus was
constructed to lower a basket of components slowly into

a dewar of LN2, maintaining a small space above the sur-
face of the liquid until the components were sufficiently
chilled to be lowered all the way into the LN2. For the
endcap feedthroughs, a cryogenic refrigerator was used
to cool the pin carriers to a temperature of 77 K over a
period of 20 hours.

For the purpose of cold-testing each feedthrough in
a realistic scenario, where all the requisite vacuum and
pressure volume tests could be performed simultaneously
with the electrical tests, simulated cryostats were con-
structed at both assembly sites that could accommo-
date a feedthrough mounted to it without welding. Each
feedthrough was in turn mounted on the test vessel and
cooled to LN2 temperature by filling the vessel with LN2,
and the bellows evacuated. Extensive leak and pres-
sure tests were then performed, followed by a full bat-
tery of electrical tests, described in more detail in Sec-
tion V. Following warm up, the cold volume of each
feedthrough was again pneumatically pressure-tested and
all electrical tests repeated. Two barrel and four endcap
feedthroughs developed shorts between one pair of signal
lines in the vacuum cables during the cold tests. These
six feedthroughs were opened up, had the defective vac-
uum cables replaced, and then closed again. In the case
of the two barrel feedthroughs, this operation also ne-
cessitated the replacement of the bellows. All tests were
successfully repeated on the repaired feedthroughs. The
problem with the vacuum cables in those feedthroughs
was later determined to be excessively large solder beads
on neighboring pairs of signal lines which made contact
with each other only when cold.

V. ELECTRICAL TESTING DURING
ASSEMBLY

For the barrel feedthroughs, two types of test were
performed on every signal line in every cable used in
the feedthroughs, i.e., the warm cables, the vacuum ca-
bles, and the pigtails. The first test was an automated
continuity test, which checked every line for continuity
and also for leakage into other lines. The continuity test
also checked the ground connections; because of the re-
quirement that the ground connections be very low resis-
tance, the ground continuity was checked with a four-wire
method.

The second test was a time-domain-reflectometry
(TDR) measurement of each signal line25. The TDR
waveform was digitized and analyzed for length and com-
pliance with standard reference waveforms. Software de-
termined whether each waveform, from each signal line,
was a pass or fail, and recorded the waveform on a disk
file. A commercial TDR device coupled through a switch-
ing matrix sequentially selected and tested each of the
64 lines in a cable. These tests were performed at every
stage of assembly for the barrel feedthroughs, including:

1. Initial acceptance tests of incoming cables.



10

2. Pre-welding tests, when the cables in a feedthrough
were all connected, but the bellows and cold box
volumes had not yet been welded shut.

3. Post-welding tests, right after the bellows and cold
box volumes were welded shut.

4. Final, cold test, in which each feedthrough was
mounted on a test fixture, which simulated the bar-
rel cryostat, and was brought down to LN2 temper-
ature.

5. Final, warm test, after a feedthrough had warmed
up after the cold test.

6. Pre-installation test, after a feedthrough had ar-
rived at CERN, just prior to welding to the cryostat
(TDR only).

7. Post-installation test, after a feedthrough had been
welded to the cryostat (TDR only).

8. Post-warm-cable-installation test, after the warm
cables had been connected between the backplane
and a feedthrough (TDR only).

Some cables in the endcap feedthroughs will carry cali-
bration signals. The spread in resistance among all chan-
nels of the calibration cables in a particular feedthrough
is required to fall within a 50 mΩ band in order to main-
tain relatively uniform attenuation. The specification for
trace resistance of the vacuum cables not used for cali-
bration is not particularly stringent, 0.6 Ω < R < 1.2 Ω.
Both the absolute magnitude and spread in resistance is
dominated by the vacuum cables when compared with
the pigtail cables. The vacuum cables for the endcap
feedthroughs were therefore passed through a number of
tests, in part to select sets of cables which could be used
for calibration.

The resistance of each signal trace of each vacuum ca-
ble was measured using a four-wire measuring technique
for high precision, allowing the identification of those ca-
bles which could be used in the calibration slots. Fig. 7
shows a histogram of measured resistance from a sample
of 574 vacuum cables of the endcap feedthroughs. The
full width of this distribution is more than 300 mΩ, how-
ever there was no difficulty in finding a sufficient number
of sets of cables whose resistances fell within the 50 mΩ
band required. Four additional tests were conducted on
the vacuum cables to be used in the endcap feedthroughs.
A cross talk test was conducted, where each individual
channel is pulsed and then the pulsed channel and its
nearest neighbors are read out. This test allows the iden-
tification of discontinuities in the ground traces, since the
cross talk is significantly enhanced if the ground trace
path is broken. The mean of the distribution of cross talk
measured between adjacent nearest neighbors (i.e., near-
est neighbor on the same stripline) is 0.23%, while the
mean cross talk for opposite nearest neighbors (i.e., cross
talk with the nearest signal line on the opposite stripline)
is 0.69%. The cross talk in the latter case is higher due to
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FIG. 7: Distribution of vacuum cable channel resistance from
a sample of 574 endcap feedthrough vacuum cables

the capacitive coupling between the signal strips which
lie against each other. The impedance of six representa-
tive strip-lines was also measured for each vacuum cable,
and resistance measurements were made in order to ver-
ify good electrical contact between the ground shields of
a vacuum cable and a pin carrier, and also between a
ground shield on one end of a vacuum cable with the
ground shield on the opposite end. Resistance between
the pin carrier and ground shield was typically about
17 mΩ. Finally, a commercial cable tester was used to
check continuity of the signal lines while the cables were
gently wiggled. This test allowed the identification of
vacuum cables with intermittent discontinuities in the
signal traces.

Electrical tests were also conducted on the endcap
feedthroughs during the assembly stage. An automated
continuity test was performed during:

1. Pigtail assembly, when the pigtail cables were being
connected to the cold flange.

2. Vacuum cable assembly, when the vacuum cables
were being connected between the warm and cold
flanges.

3. Pre-welding tests, when the cables in a feedthrough
were all connected, but the bellows and cold box
volumes had not yet been welded shut.

4. While the feedthrough was cooled to LN2 temper-
ature.

A cross talk test was also performed on the endcap
feedthroughs during the following assembly steps:
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1. While the feedthrough was cooled to LN2 temper-
ature.

2. Final warm test before shipping to CERN.

3. Pre-installation test, after a feedthrough had ar-
rived at CERN, but prior to welding to the cryo-
stat.

4. Post-warm-cable-installation test, after the warm
cables had been connected between the backplane
and a feedthrough.

In addition, a precision resistance test was performed for
the endcap feedthroughs as part of the final warm test
before shipment to CERN.

Although a few electrical channels required minor re-
pairs after installation of the warm cables on the installed
barrel and endcap feedthroughs at CERN, no failures
were found in the combined 218 880 channels of the bar-
rel and endcap feedthroughs once installation was com-
pleted.

VI. DATABASE

For the purposes of tracking problems and providing
electrical test data to analysis code (should it ever prove
useful to do so), the details of construction (i.e., serial
numbers of components, etc.) and all test results were
entered into databases, separate for the barrel and end-
cap. The barrel signal feedthrough database, except for
the TDR tests, has been exported to the ATLAS Produc-
tion Database26 and a similar database for the endcap
signal feedthroughs is in preparation.
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APPENDIX A: FREQUENCY DEPENDENT
MEASUREMENTS AND MODELING OF THE

VACUUM CABLES

A typical ATLAS LAr pulse has a rise time of approxi-
mately 20 ns, corresponding to a bandwidth of 17.5 MHz.
Frequency dependent measurements up to 50 MHz of the
characteristic parameters of a vacuum cable are therefore
adequate to describe its performance in ATLAS.

1. Measurements

In order to study the frequency dependent behavior of
a vacuum cable, the complex impedance of the stripline
has been measured with a network analyzer e in terms of
its magnitude |Z| and phase φ. This measurement has
been performed with both open circuit (|Zoc|, φoc) and
short circuit (|Zsc|, φsc) termination of the stripline f.
Given the magnitude and phase, the complex quanti-
ties Zsc and Zoc can be constructed. Using the high
frequency TEM mode approximation, it is possible to
calculate characteristic stripline parameters from these
measurements27.

The characteristic impedance Zo and the quantity
tanh(γl) are given by

Zo =
√

ZscZoc , (A1)

tanh(γl) =
√

Zsc/Zoc , (A2)

where l is the length of the stripline and γ is the prop-
agation coefficient γ = α + iβ, where α is the attenua-
tion coefficient and β the phase-change coefficient of the
cable. For a typical vacuum cable, the measured char-
acteristic impedance as a function of frequency (up to
50 MHz) is shown in Fig. 8. For an electrical length
of the stripline of 41 cm (including the connectors and
terminator), the measured frequency dependence of the
attenuation is shown in Fig. 9.

Based on the measured quantities, the resistance, in-
ductance, conductance and capacitance (per unit length)
of the stripline can also be determined:

R = <e(γ
√

ZscZoc) , (A3)

L = =m(γ
√

ZscZoc)/2πν , (A4)

G = <e(γ/
√

ZscZoc) , (A5)

C = =m(γ/
√

ZscZoc)/2πν . (A6)

e Network analyzer hp8735B in combination with with a hp85047A

S-Parameter set.
f These measurements were performed on a preproduction cable.

The impedance of the preproduction batch was slightly higher

than the impedance of the final production.
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FIG. 9: Attenuation coefficient measured as a function of
frequency.

The frequency ν dependence (up to 50 MHz) of these
parameters is shown in Fig. 10.

These parameters allow a calculation of the phase ve-
locity,

vp =
1√
LC

=
1√
µε

. (A7)

Since the permeability of copper is µr ≈ 1, the phase ve-
locity depends entirely on the relative dielectric constant
εr. Using the values of L and C calculated from the mea-
surements, vp and εr can be determined. Their frequency
dependence is shown in Figures 11 and 12. At a phase ve-
locity of 0.16 m/ns, the propagation delay of a 40 cm long
stripline is 2.5 ns, which is in good agreement with the
time domain reflectometry (TDR) measurements made
for the vacuum cables.
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FIG. 10: Resistance, inductance, conductance and capaci-
tance per unit length as a function of frequency, determined
from measurements.
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FIG. 11: Phase velocity as a function of frequency.

2. Theoretical Description of the stripline

Laplace’s equation was solved numerically to obtain
the electric field for a given conductor geometry. Ap-
plying Gauss’ law then yields the capacitance per unit
length. This technique allows a study of the effects of
the variation of the stripline geometry and the effects of
possible variations of the values of the material prop-
erties. Such variations can arise from the production
process, which limits the accuracy on the width of the
strips to about ±10 µm. The relative dielectric constant
εr varies with frequency, temperature, and humidity; for
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polyimide its value can range typically from 3.2 to 3.5,
with its nominal value given to be 3.2.28

The general layout of the stripline has been described
in Section III B. The geometry used for the solution of
Laplace’s equation assumes that the conductive strips are
separated vertically by a 50 µm thick layer of polyimide.
A 50 µm thick outer polyimide layer is attached to the
stripline with an adhesive. For simplicity, the adhesive
is assumed to fill the lateral gap between the conduc-
tive strips with a thickness that is the same as the strip
thickness (see Fig. 13).

adhesivecopper polyimide

FIG. 13: Schematic geometry layout for the numerical treat-
ment of Laplace’s equation.

The following parameters have been varied: the widths
and thicknesses of the signal and ground strips, and the
relative dielectric constant of polyimide and the adhesive
material g. In addition, the effects of possible misalign-
ment between the signal and ground strips have been
studied.

For each possible geometry Laplace’s equation has to
be solved twice, once for the case that the copper con-
ductors are surrounded by vacuum and once for the case

g No specific value is given in the data sheets for the adhesive

alone, but specifications for dielectrics that give an average di-

electric constant for polyimide and adhesive indicate that the

dielectric constant of the adhesive alone is larger than that of

the polyimide.

ws wg t εp εa Cv Cε Zo

(µm) (µm) (µm) (pF/m) (pF/m) (Ω)
a 200 360 34 3.2 4.0 51.4 172.5 35.4
b 200 360 34 3.4 4.0 51.4 182.4 34.4
c 200 360 34 3.2 4.4 51.4 174.1 35.4
d 200 360 30 3.2 4.0 51.0 171.8 35.6
e 190 360 34 3.2 4.0 49.7 167.6 36.5
f 180 360 34 3.2 4.0 48.3 162.4 37.6
g 180 315 34 3.2 4.0 47.2 158.8 38.5
h 220 385 34 3.2 4.0 55.0 171.8 34.3
i 200 → 360 34 3.2 4.0 51.2 172.1 35.5

TABLE II: The signal and ground strip widths and the strip
thickness are labeled ws, wg , and t. εp and εa are the relative
dielectric constants for polyimide and adhesive. Values of Cv,
Cε and Zo are based on the numerical solution of Laplace’s
equation for various stripline geometries. Case a represents
the nominal geometry. In case i, the arrow implies that there
is a misalignment of 20 µm between the signal trace and the
ground trace.

with polyimide and adhesive material present. The re-
sults yield two capacitances, Cv and Cε respectively. The
characteristic impedance can then be determined from:

Zo =
1

c2
√

CvCε

. (A8)

Table II lists the results of the calculations for vari-
ous strip sizes and dielectric constants. It can be seen
that the expected variations do not impact the perfor-
mance of the vacuum cable significantly. The values of
the impedance caused by the different variations of the
geometry and material properties have a spread of ap-
proximately 4 Ω, which is in agreement with the width of
the distribution of measured vacuum cable impedances.

In the high frequency approximation, the inductance
is

L = 1/(c2Cv) . (A9)

The resistance per unit length can be calculated as the
resistivity of copper (1.72 µΩ cm) divided by the geo-
metric cross section of the stripline conductors. The skin
effect has to be taken into account in this calculation. For
simplicity, we have assumed that the signal strip is fully
penetrated when the skin depth δ is larger than half the
thickness of the signal strip. For δ smaller than half the
thickness of the signal strip, a band of thickness δ along
the outer cross section of the signal strip is assumed to
be homogeneously penetrated. The penetration depth
of the ground strip is assumed to drop off exponentially,
starting from the side of the ground strip that faces the
signal strip. With these assumptions, the magnitude of
the propagation constant can be calculated as

|γ|2 = γ∗γ , (A10)

with

γ =
√

(R + iωL)(iωC) . (A11)
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FIG. 14: Comparison of Zo, R, C and α as determined from
measurement (solid line) with the theoretical prediction of
case a of Table II (dotted line).

The conductance G is very small compared to ωC and
can be neglected in this case. The impedances for open
and short circuit termination now become

Zoc = Zo · coth(γloc) , (A12)

Zsc = Zo · tanh(γlsc) , (A13)

where loc and lsc are the electrical lengths of the stripline
with open circuit and short circuit termination.

It is now possible to calculate all the other stripline
parameters as a function of frequency. Figure 14 shows a
comparison of the measured values (solid line) of Zo, R,
C and α with the theoretical prediction for the vacuum
cable (dashed line), given by case a of Table II. This com-
parison extends up to 100 MHz. The quarter wavelength
range for the cable is reached at that point, resulting in a
peak of the distributions due to a small difference in the
electrical lengths of the measurements with open circuit
and short circuit termination. In this case this difference
has been modeled with a length of 40.2 cm for the open
circuit case and 41.4 cm for the short circuit case.

The results of the theoretical calculations are in good
agreement with the measurements. The differences be-
tween the calculation and the data can be attributed to
the high frequency TEM mode approximation, the sim-
plified treatment of the skin effect and the uncertainty
in dielectric parameters. It should be noted at this point
that the connectors of the vacuum cable cannot be eas-
ily modeled, but do have an impact on the performance.
Nevertheless, the level of agreement is more than ade-

quate to evaluate the effects of various stripline parame-
ters.
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