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1 Introduction

In the framework of the electron cloud studies for the Largedién Collider (LHC),
the cold bore experiment (COLDEX) was installed in the CERRESnachine in 2002.
The experiment is used to simulate a LHC type cryogenic vacciamber to study the
interaction of such a beam tube with protons beams, paatiguélectron cloud effects.
The 2.2 m long stainless steel cold bore operating below 3usés a perforated copper
beam screen held at 15 K. At each extremity is placed a 0.3 qndold/warm transition.
To ensure a continuous beam pipe, the cold/warm transiganserted into the beam
screen over 5 mm. The stainless steel cold/warm transifiOriianm thickness limits the
thermal conduction to the beam screen.

The global beam screen and cold/warm transition crossoseistsketched in Fig. 1.
The beam screen is essentially a coaxial line with an infiptiell cross section and with
circular pumping holes of 7 mm diameter located in the hariabplane. Two rows of 73
holes are spaced by 30 mm. The semi-axes dimensions of ipicell cross section are
42 mm and 33 mm. The total length of the structure is 2232 mra.cbid/warm transition
has the same elliptical shape. Over 20 mm, the extremitytédcat room temperature
adjust the elliptical cross section to a 100 mm circular sresction. During the cool
down of the COLDEX beam screen, the beam screen is therntallyksby 3 mm/m i.e.
6.7 mm. Despite the cold/warm transition is inserted in®® lteam screen over 5 mm,
if all the thermal contraction apply to only one end e.g. dgra rapid cool down, one
cold/warm transition could be disconnect. To take into aotehis unlikely event, but to
overestimate the heat load in our model, the beam screermarnold/warm transition are
arbitrarily disconnected by 5 mm.

In 2002, the first measurements performed with LHC type pr&teeams showed
large heat load dissipated onto the cold bore and the beaars{t,2]. When 2 batches
of 72 bunches of 1.1610" protons/bunch were circulating trough COLDEX, heat load
from 2 to 12 W were measured onto the beam screen. In ordes¢ardinate all possible
source of heat load, a detailed study of the coupling impeelandget for both the beam
screen and the cold/warm transition was carried out.

Because of the absence of an axial symmetry of the above amenfs a numerical
approach to the problem based on the use of three-dimehsimm@uter codes has been
adopted.

To optimize the accuracy of the results and to minimize thel @Re requirements,
the beam screen and the cold/warm transitions have beaadregparately obtaining in-
dependent impedance estimations, even though the twosscgpresent a unique struc-
ture from the impedance point view.



Figure 1: Sketch of half of the COLDEX vacuum chamber. Theded the right side
represent the beam screen and the cold/warm section reghect
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Figure 2: Shape of the beam screen used for Mafia simulations.

In this work the calculations have been made by supposingerdpFHC structures
with a conductivity of 5.91 10(2 m)~! at room temperature.

The study shows that a circular beam screen with pumping slotild be preferable
to reduce the heating. The cold/warm transition studies gavspecific warning, thus no
vacuum chamber modification is required. However, the bdse to the impedances are
negligible with respect to the measured power onto the beaees.

The geometries of the beam screen and the cold/warm tramsisied in MAFIA [3]
simulations are reported in Figs. 2 and 3, respectivelyaBse of the symmetry we have
simulated only half structure.

2 Uniformly spaced holes

The coupling impedance of a circular coaxial beam pipe Withumping holes has been
studied extensively by means of the modified Bethe theog/ntst important approx-
imations and the main results are reported in [4,5]. Beilid) the inner (outer) radius
of the coaxial beam pipe and («,,) the electric (magnetic) polarizability of the equally
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Figure 3: Shape of the cold/warm transition used for Mafiausations.

spaced pumping holes, the coupling impedance reads
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where D is the hole spacing andis the speed of light. The attenuation constarsgc-
counts of any dissipation in the field propagation; in theecasohmic losses at room
temperaturey depends on the/w. In practical cases, the ohmic dissipation is very small
(the beam pipes are built with good conductors) arid < 1. Both real and imagi-
nary parts depend on the interference among the holes ptalnesonance peaks in the
impedance ab,, = nrc/D.

Far from the resonances, e.g. for< wc¢/D, the coupling impedance is well ap-
proximated by
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The real part grows up parabolically with the frequency;dorall V, such asyDN < 1,
the exponential term in Eq. (3) can be expanded up to the demaler, resulting in an
impedance proportional t&y2. Physically, this is due to the interference effect between
the holes which dominates the real part of the impedanceh®adntrary, the imaginary
part is not affected (at least at a first order) by such anfertence and it is mainly due
to the holes as they were non interacting. Therefore theimaagpart grows up linearly
with V and with the frequency, as in Eq. (4).

The loss factor, then, can be expressed as [5]
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it is physically sound. Moreover, if
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the loss factor is proportional tv2, although it is notV? times the loss factor of a single
hole (that is proportional ta?, + «?). In formulae
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In the case of circular holes in a thin wall, for example= 3.

The energy lost by the bunch in a section of lenfth= N D is the loss factor times
Q?, whereQ is the charge of the bunch. Dividing that energy by the tinegtthinch takes
to cover the length of the slotted pifde (i.e. Ly/c for relativistic bunches) yields the
power flowing in the coaxial and takes into account the efféet single bunch traveling
in the inner pipe. If we assume that the total power is the stitneopower due to each of
then, bunches in a length,, we get the expression:

cQ*k(0) cQ*k(0)

T

= 7
» 5 (7)

where S, is the bunch spacingS, = Ly/ns). In the limit of no attenuation and using
Eq. (6) for the loss factor, the contribution of the unifoyrhbles to the power is

2 2 2
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3 Beam screen numerical simulations

Quantitative results of the energy losses, parasitic i@soes, longitudinal and transverse
coupling impedance have been obtained by MAFIA simulatiorisne domain. Even if
the code allows the study of relatively complicated 3D stites, to get accurate results
long computation time and heavy memory resources are needed

The simulations are not straightforward and require thacehof adequate mesh
sizes. Numerical simulations of the cold transition werdgrened with fine mesh sizes
(of the order of 2 mm) and considering only one half of thecttrte.

To evaluate the short range wake potential over the bungjthdtime domain sim-
ulations), a single Gaussian bunch with= 12 cm has been considered (450 GeV proton
beam in the SPS). The long range wake potential has beerataltassuming a smaller
bunch length4 = 1 cm) over a distance of 6 m behind the bunch. The impedancesof th
structure has been estimated by the Fourier transform ®fdhg range wake potential.

Since the structure needs a very large number of mesh ptngst a good accuracy
and to better understand the results, we have considerediffarent cases assuming hole
diameters equal to 8 mm:

e 18 holes (half structure) with 2 mm mesh sizes;
e 38 holes (half structure) with 2 mm mesh sizes;
e 73 holes (half structure) with 2 mm mesh sizes;
e 146 holes (half structure) with 4 mm longitudinal and 2 mmm$&zerse mesh sizes.

We have evaluated the power losses as a function of the haleber and as a
function of the beam position to find if there is a maximum onimum of these losses
and to investigate if there is an interference effect ambedbles.

In order to have a deeper insight of the involved physicgnsive calculations of
the loss parameters as a function of the vertical and haateoordinates, of the beam
positions and of the holes number have been carried out.

3.1 Beam screen with 38 holes (19 holes per row)

The longitudinal and transverse (vertical and horizorted$ parameters [6] as a function
of the vertical and horizontal coordinates are reporteddgs.Fa, 4b, and 4c, considering
a bunch length of 12 cm. Fig. 4a shows the longitudinal andstrarse loss parame-
ters (normalized to their maximum values) along the vertioardinate of the symmetry
plane. We can observe that the maximum value of the longitudioss factor occurs at



the geometric center of the structure as it has to be expd&eeause the distance be-
tween the beam and the holes is the smallest one. About tie/&ese loss factor we note
that it is directly proportional to the derivative of the itudinal one as the Panofsky -
Wenzel theorem states for coupling impedances. In Figsndbta the longitudinal and
transverse loss factors as function of the horizontal doatd (where the holes are lo-
cated), are reported. It is very interesting to note thatdhgitudinal loss factor increases
strongly (about two orders of magnitude) by going from thergetric center to the holes
region while it is almost linear in the center of the pipe. S&ffect can cause heating of
the transition during the machine operation if the orbitaswell corrected.
The average poweP lost by the beam is:

P = K, I’TNy; (9)

with a longitudinal loss parameter calculated at the geomeénterk; = 1.5610* V/C,
an average curredt = 0.7 mA per bunch, a revolution tim& = 2310°% s, and with a
number of buncheg/, = 288, we get a power los8 = 0.051 mW. The gradient of the
longitudinal loss factor with respect to the horizontal wboate and near the center of the
pipe isOK;/0x = 2810 V/(C mm). As a consequence the power gradienfigdx = 9.1
pW/imm.

Concerning the transverse loss factor, close to the geancetnter of the pipe, the
horizontal one is three times higher than the vertical oner this reason we present
results only for the horizontal displacement of the beam.

In the region where the horizontal loss factor exhibits @dinbehavior with the
displacement, the following relation can be applied [7]:

O'Kt\/7_T

C
giving a transverse impedance 4f= 25.13Q/m, with 0K, /0x = 1.77.10'° V/(Cm)

As far as the longitudinal coupling impedance is concermedgalculated the short
range wake potential over the bunch length by assumingl2 cm. The normalized
wake potential is reported in Fig. 4d. It is clear that thes$itdon is purely inductive at
low frequencies. From the simulations we have that the absohaximum values of the
wake potential aréW, .| = |Woin| = W = 1.831 10" V/C. By using the theoretical
relation [8]:

Im(2,) = —2 (10)

Lc?
V2meo?

we can estimate the inductive longitudinal impedalité:| = wyL = 3.31:1075 Q.

W:

(11)
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Figure 4: a) Normalized longitudinal and transverse losamaters along the vertical
coordinate of the symmetry plane for N = 38 and 74 holes. For387K,,,.. = 1.56
10' VIC and K, = 6.2 10 VIC; for N = 74, Kq, = 5.132 10 V/IC and K0 = 1.2
10° V/C. b) Longitudinal loss parameter versus the horizontardinate. c) Transverse
loss parameter versus the horizontal coordinate. d) Nazethivake potential versus the

distance from bunch head. For N = 38 the maximum value is 1.8/40 and for N = 74
is 3.6 10 V/C.
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3.2 Beam screen with 74 holes (37 per row)

To investigate the behavior of the longitudinal and transedoss factors as a function of
the holes number, simulations were performed with 74 hdlée. corresponding results
are still reported in Figs. 4a, 4b, 4c, and 4d.

Figure 4a shows the longitudinal and transverse loss paeastgormalized to their
maximum values on the vertical symmetry plane. These ereiroduce the behavior of
the previous case with 38 holes. The calculated longitudiss factor in the center of
the pipe isk; = 5.13210* V/C and it yields a power losse3 of 0.17 mW. The gradient
of K, (see Fig. 4b) as a function of the horizontal coordinat&{s/dx = 9229 V/(C mm)
and the related the power gradientd®/0z = 30 pW/mm. The calculated transverse
impedance (see Fig. 4c) i8, = 49 Q/m with 0K, /0x = 3.4510' V/(Cm), while the
longitudinal impedance isZ/n| = 6.41075 Q with |W,,.4.| = [Win| = 3.565107 V/C.

The coupling impedance at low frequencies is shown in Figar3fdifferent val-
ues of the hole numbe¥V. The parabolic behavior is clear from the plots and can be
highlighted by a polynomial fit. The result is shown in Tablevihere the correlation
coefficientR states the quality of the fit: it is equal to 1 for an optimal fit.

The ratioay, /ay, is very close tqN;/N;)?, as it should be from Eq. (3).

3.3 Parasitic resonances

To completely characterize the structure, we have caledldte 6 m long range wake
potential considering a Gaussian bunclrof 1 cm traveling trough the structure 4 mm
away from the holes; in fact, such a short distance allowst&tbmeasurement of the
resonance amplitudes. The Fourier transform of this wakenpial gives the impedance



Re(Z)=ay [Z+ by [ +cn, (N = 18,38, 74)
an bN CN RN
6.2107° | —2.4107° | 1.66 10~* | 0.9992
2.72107% | —=6.53107° | —=9.9107% | 0.9996
1.031073 | =3.16 10~ | 2.23 10~ | 0.9998

Table 1: Parabolic fit of the real coupling impedance for N 8= 38, N =74 as a
function of frequencyf (expressed in GHz).

of the structure at that beam position. The cut-off frequesof the vacuum chamber
calculated by OSCAR2D [9] are 2.11 GHz for the TE mode podatiwith the E-field
parallel to the major axis and 2.63 GHz for the other TE mode.

The real and imaginary part of the longitudinal coupling @dance and the nor-
malized wake potential with 38 holes are illustrated in Figgs, 6b, 6c. The real and
imaginary part of the transverse coupling impedance anddhmalized transverse wake
potential are reported in Figs. 7a, 7b, 7c. The results nbthwith 74 holes are shown
in Figs. 8a, 8b, 8c for the longitudinal case and in Figs. %, 9c for the transverse
one. Comparing the results of the pictures related to 38 dnfubles, one observes that
at low frequency (up te- 4 GHz) the impedance is purely inductive. At low frequency
the imaginary part scales with, as expected from theory. The real part, as already ob-
served, is proportional to? and exhibits resonant peaks. The maximum amplitude of the
resonances depends on the proximity of the beam to thedhltt, but they are always
present. In the simulations, their amplitude scales withdue to the small number of
points used to resolve the resonances.

The plots clearly show some parasitic resonances in the &H2frequency range
very far from the bunch spectrum cut-off. It is worth notigithhat the strongest resonance
is peaked at about f =9.27 GHz. This frequency correspondsvavelength equal to the
holes distance. For an additional confirmation of this pgacasesonance related to the
holes distance, we have simulated the case of a 28 mm didb@hween the holes. As a
result, the corresponding frequencies of all the parasonances scale proportionally
to the distance between two hole centers.

The impedances follow the same dependence Witas discussed in the previous
section.

In conclusion, since most of the bunch spectrum is very fanfthese resonances,
no effective interference between the holes exists.

For increasing our confidence with the presented analyssshave simulated a

10
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coaxial outer short circuited with a length bf 1.3 m. The corresponding results are
illustrated in Figs. 10a, 10b, 10c, and 11a, 11b, 11c.

As predictable, it is possible to observe a modulation oftygedance:/(2() = 115
MHz and higher quality factors of the parasitic modes beedhs resonant fields do not
propagate in the coaxial line.

3.4 Whole beam screen with 146 holes (73 holes per row)

For the whole structure, a 4 mm longitudinal mesh was usedtaldienitation of the
number of mesh points. Fig. 12a shows the longitudinal I@sarmpeter and the power
losses as a function of the horizontal displacement. Itearcthat, for an off-set beam,
the power losses increase considerably as it has beenyltsadssed. As an example, a
beam with x = 2.4 cm off-set loses ababt= 3.2 mW that can affect machine operation.

To investigate the behavior of the power losses as a funofitre beam pipe shape,
different simulations were done changing the smaller akithe elliptical beam pipe.
Fig. 12b shows the power losses as function of the horizaligglacement for different
values of the smaller axis a. The case with 33 mm corresponds to the actual transition
while that one with a = 42 mm to a circular cross section.

We can observe that the circular shape gives less powersltisae the actual one.
This is an important element for the final section shape e can observe that, in the
elliptical cross section and in the center of the beam plpepbwer loss i ~ 0.4 mW
(0.18 mW/m on overall transition) and the power gradienhglthe horizontal coordinate
OP/0x = 0.054 mW/mm withdK; /0x = 1.6510' V/(Cmm). Again, these values scale
approximately as the square number of halés

Figure 12c shows the inductive behavior of the wake potenith o = 12 cm. The
spikes observed are due to the large longitudinal mesh eddpt the present case. By
assumingW,,q.| = [Wiin| = 7.310" VIC, we obtain|Z/n| = 13107¢ Q which again
scales as the hole numh#&t This result is also confirmed by the Fourier transform of the
wake potential obtained with = 2 cm over a distance of few meters behind the bunch
which gives|Z/n| =12107° Q (Fig. 12d).

In Fig. 13 we show the transverse loss parameter as functitredransverse dis-
placement. The horizontal impedanceZs = 99 Q/m with 0K, /dz = 7-10'° V/(Cm)
while the vertical one iZ,, = 30Q2/m with K /0x = 2.10'° V/(Cm). These values scale
like the hole number N. A check of these results by using th&riEotransform of the
wake potential gave 10Q/m and 292/m, respectively.

15
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4 Cold/Warm transition

The cold/warm transition is a tapered transition betweerttircular vacuum chamber and
the elliptical one (Fig. 3). The analysis has been done agggrfor the input and output
regions due to the limitation in the number of mesh points détailed study of the warm
transition did not give specific problem and we will presemiydahe final results.

The longitudinal impedance of the global structure is eated to bdZ/n| = 0.31
mQ. The vertical transverse impedanceZig = 707/m while the horizontal one i&,,
=382Q/m.

5 Analytical estimations for the eliptical COLDEX beam screen and cold/warm
transition

Even though in the present study the chamber has a beam pipeslptical cross-
section, and therefore a correct approach to the solutiahesfproblem needs three-
dimensional codes, the analytical methods remain extseomgful to check the order
of magnitude of the discussed numerical results.

We remark that the analytical model discussed above is f@l@coaxial beam pipe
with axial symmetry, it neglects the effects due to the cumeaof the chamber(<< b
beinga the hole radius and the chamber radius), it assumes zero wall thickness of the
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circular hole and finally it considers the approximation ofiacident plane wave (fields
constant over the hole).

Nevertheless, for the longitudinal analysis, if we introdwan equivalent circular
radius due to the ellipticity of the beam pipe [10}, and by taking into account the wall
thickness correction factors on the polarizabilities [M#é can still apply the theoretical
model.

As a result for the COLDEX beam screen with a number of hdles- 146, by
assuming an equivalent chamber radius b., = 0.0374 m and by keeping unchanged
the outer one (Fig. 2), with a hole wall thickness of 2 mm, we gé: = 16.5 .2 and
a power lossP = 0.43 mW (eq. (7)). By assuming instead an internal radius equal
to b = 0.043 m, we obtainZ/n = 12.3 u) and P = 0.55 mW. The corresponding
numerical estimations (abodt/n = 12 Q2 and P = 0.4 mW) are in good agreement with
the previous ones. These values are given for a continuaimsaf bunches circulating in
the SPS ring, which is not the case. In reality, the SPS iglifiihe 4 trains of batches of
72 bunches spaced by 25 ns. The batches are separated byf §@psns. In this case
the average current has been estimated to be 58 mA per batehaverage power lost
by the beam can be estimated with eq. (9) wih= 4 (number of batches). The final
contribution of the power losses to the COLDEX beam scredimeiefore about 37 mwW
(that is 17 mW/m) on overall transition.
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6 Conclusions

We presented the impedance study of the cold bore experir@&itDEX, installed in
2002 in the SPS machine. The numerical estimations of thplemuimpedance have
been compared to a theoretical model showing a good agreeirengely off-set beam
deposits higher power. The most pessimistic case foreseeff-aet of 10 mm, but dur-
ing normal operation a maximum off-set of about 2 mm is exge¢12]. The obtained
ohmic losses are a few tens of mW. The losses in the cold/wamsition are negligible.
Finally, in the unlikely case of a rapid cool down which codidconnect the cold/warm
transition from the COLDEX beam screen by 5 mm for instartoe ghmic losses are still
negligible. The sum of these losses is much less than theurezhdissipated power in
the COLDEX beam screen as shown in Fig. 14 [2].

In fact the first parasitic resonance is at about 5 GHz as hasva for instance in
Figs. 8a, b and 9a, b. If the bunch length is 12 cm, that coomedpto a cut-off frequency
of 400 MHz, the effect of such impedance to the beam is surefjigible because the
bunch spectrum lines are very far from the parasitic resoméself.

Concerning the 5 mm discontinuity between the COLDEX bearaest and the
cold/warm transition, we could expect (if the case) rescrarwith frequencies of the
order of 60 GHz that are decoupled from the beam spectrurs. lifleerefore we assume
that there is no coupling between the beam with the beamrsargwith the cold/warm
transition as it confirmed by experimental tests.

This impedance study demonstrated that the heat load dissipnto COLDEX
and due to the impedance seen by the beam is negligible asacethip the measured
value. The observation of a dissipated power, a pressugeand an electron activity
inside COLDEX (all the effects appear above a given buncheatithreshold) indicate
the presence of an electron cloud [1,2,13]. So, the measwatlload in figure 14 is
attributed to the presence of an electron cloud inside the[EX beam screen.

However the losses due to the pumping holes are of the ordewdens of mW. To
fully simulate the LHC beam screen design with racetraclpsland pumping slots, it is
therefore advisable to optimize the beam pipe shape. Taimsin 2003, the COLDEX
beam screen was a circular one of 67 mm diameter with two rd\26» rounded slots
(131 per row) spaced by 16.3 mm. Each slotis 2 mm wide and 7.%omgn The stainless
steel cold/warm transitions of 0.1 mm thickness, were atgoroved. They are coated by
2 um of copper. Each extremity is bridged by radio frequencydisg The middle of
cold/warm transition is thermally anchored at 80 K. Findlg transition to the 100 mm
diameter vacuum chamber is tapered with an angle of 45 degAdethese precautions
definitively ensure that the COLDEX experiment is prote@géinst parasitic losses due
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to impedance [13].
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