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Abstract

The coupling impedances of the upgraded beam screen antvaaia transition of the

cold bore experiment (COLDEX) vacuum chamber installechn $PS machine are in-
vestigated. Detailed studies of the coupling impedancegédiuof the beam screen cir-
cular vacuum chamber with narrow longitudinal slots anddblel/warm transition are

discussed. A comparison with the experimental tests is@kssented.
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1 Introduction

The Large Hadron Collider (LHC) is currently under constimrtat CERN. The build-up
of an electron cloud in the vacuum chamber might limit the Lpiformance [1]. The
cold bore experiment (COLDEX) is installed in the CERN SP&Imae to study the in-
teraction of the electron cloud with a vacuum system opagatdt cryogenic temperature.
The COLDEX vacuum system houses a 2 m long perforated beaarsat 10 K inserted
in a cold bore at 2 K. This experiment mimics the arc LHC vacystem [1-3].

In an earlier paper we discussed in detail with numericalisgiand experimental
results the behaviour of the COLDEX vacuum chamber witlpedial cross section and
pumping circular holes, in terms of the energy losses, garassonances, longitudinal
and transverse coupling impedances [4] [5].

The power loss was dominated by the pumping holes and estitatoe of a few
tens of mW. We concluded that the observed dissipated pow€OLDEX was mainly
due to the electron cloud effects and could not be attribtdgle coupling impedances
contribution.

To reduce further the impedance of COLDEX and to increaseitsitivity to power
deposition due to electron cloud, its cross section shapbasged to circular and the
circular holes of the beam screen are replaced by slots. dergthis new geometry is
closer to the LHC beam screen geometry.

The purpose of this paper is to estimate the longitudinal teaxasverse coupling
impedances, the loss factors, produced by an array of slth®icircular coaxial vacuum
chamber of the COLDEX section and in the cold/warm transigaod to compare the
results with the experimental ones.

The new vacuum chamber is sketched in Fig. 1. The COLDEX beaees is in
OFHC Cu with inner diameter 67 mm and 2232 mm long. The sl@fanm wide and
9.5 mm long with 1 mm radius at the extremity. There are 26&stwo rows of regular
periodic arrays of 131 slots uniformly spaced by 16.3 mm him direction of the pipe
axis. In a cross-sectional view, the slots are located atleffzees and +42 degrees. At
each extremity of the beam screen, a 0.1 mm thick stainleg$ ebld/warm transition
is coated by 3 micron Cu and bridged at each extremity by rixduency fingers. The
middle of the cold/warm transition is thermally anchored@tK. The transition to the
100 mm room temperature vacuum chamber is tapered with da ahg5 degrees.

The simulations of the cold section were carried out by usivegMAFIA three-
dimensional computer code [6] because of the absence okikratational symmetry.
The ABCI two-dimensional computer code was used for the/a@m transition [7].

For symmetry reasons with respect to the vertical plane wailsited only half



structure to optimize the accuracy of the results which iregiine mesh sizes and to
minimize the CPU time requirements. Moreover, due to thetnpesnts limitations, the
beam screen and the cold/warm transition were treatedateparThe geometries for the
simulations are reported in Figs. 2 and 3, respectively.

The calculations have been made by supposing OFHC coppemtises with a
conductivity 0of5.91 x 10" (2 m)~! at room temperature. We also assume that the bunches
in the SPS machine are arranged in 4 batches separated bys22&am containing 72
bunches. The bunch spacing is 25 ns, the r.m.s./ bunch lenggproximately 0.2 - 0.25
m and the nominal bunch population is abaut5 x 10! protons. Since the losses are
very small, in order to estimate the longitudinal loss patnaccurately and to avoid
intrinsic numerical noise, we simulated a shorter buncgtleof 0.12 m.

2 Beam screen numerical studies

Several papers have been devoted to the study of the effedb®am dynamics, of pump-
ing holes coupling of the vacuum chamber to an external laautiber.

The design of the shape and the position of the perforatiooie ( slot, etc) has to
meet several conflicting requirements. These requireniiecitede the minimizing of the
beam coupling impedance but ensuring a sufficient pumpiagdp

It is well known that the electromagnetic interaction bedwe particle and the ac-
celerator pipe wall is described by two frequency dependardmeters: the longitudinal
and transverse coupling impedances or the correspondikg patentials.

For wavelengths larger than the hole size, the coupling dapee can be calculated
in terms of electric and magnetic polarizabilities of théehwhich are geometrical factors
at the low frequencies regime [8,9]. The important preditdi of this theory allow to
optimize the shape of the holes in order to minimize the inaped contribution [4,10].
Of great importance is a hole of a rectangular shape, sitailtire shape of the pumping
slots in a beam screen. The impedance of narrow rectandoisiosiented in the direction
of the pipe axis is mostly influenced by the width and shapé&efends of the slots and
it does not depend on the length of the slots [11-13]. Inangake slot length can also
bring resonances due to the slot length to low frequenciés [However, at very low
frequency, usually the imaginary part of the impedanceasihiin contribution since it is
much larger than the real part.

At higher frequencies this procedure can be no longer fatbWwecause the static
approximation loses its validity in case that the slot lartigtcomes comparable with the
wavelengts contained in the beam spectrum lines.

Based on this analysis, we therefore expect that a regulay af identical narrow



slots distributed along the longitudinal axis are the bbesiae for pumping holes since it
produces a low impedance for a finite hole area. We will al$erekthe study to examine
the behaviour of possible resonant effects in the slots.

Our main goal is to apply such procedure to perform a detailedy to minimize
the coupling impedances and reduce the heating of the baaenseported in Fig. 2.

The vacuum chamber has a circular constant cross sectioe. slbls sizes are
smaller with respect to the wavelengths of the bunch speclines during the SPS ma-
chine operation. Quantitative estimations of both lorgjital and transverse coupling
impedance, parasitic resonances and energy losses, pbldyan array of N slots in the
chamber walls in the beam screen have been performed withIAMaiulations in the
time domain.

In order to study the behaviour of the real structure, dedesimulations have been
performed also with 30 and 132 slots (total of two rows).

3 Beam screen longitudinal and transverse loss factors beti@ur for 30 slots (total
of two rows)

The beam - vacuum chamber coupling impedance and the pogsgdalo not depend
linearly on the beam position inside the chamber for stmesthhaving no rotational sym-
metry.

In order to get a deeper insight of the involved physics beea the asymmetry
(Fig. 2), the longitudinal and the transverse loss pararm¢lig estimations as function
of the off-axis beam displacement along the vertical cowtd (cross-section symmetry
plane) of the COLDEX section with an array of 30 slots (15slpér row) have been
carried out.

To evaluate the short range wake potential over the bungjthea single Gaussian
bunch with s =0.01 m has been considered. The corresporeinls are shown in Fig. 4,
where the loss parameters are normalized to their maximiuesa

One observes that the longitudinal and transverse lossngdeas are function of
the beam position inside the chamber with an asymmetridloligion along the vertical
plane as it is expected to be. Such behaviour is physicaligégsince the electromagnetic
field is obviously much more perturbed in the slots regiomyétiee coordinates).

The longitudinal loss parameter is maximum at about y = -©.@lwith respect
to the centre of the reference system shown in Figs. 2 and &. aliso noted that the
transverse loss factor is proportional to the derivativimeflongitudinal one as the Panof-
sky - Wenzel theorem states for coupling impedances. Asudtrés maximum value is
obtained at about y = -0.024 m, nearer to the chamber wall.



4 Case with 132 slots (total of two rows)

For obtaining a realistic estimation of the coupling impeeks, for a» = 0.12 m bunch
length and with 132 slots (total of two rows), we report in [Eab the longitudinal loss
factor, power losses, equivalent longitudinal inductahand absolute maximum value
of the longitudinal wake potentialV,,...| of the structure of Fig. 1; and in Table 2 the
transverse loss parameter and impedance, as a functiomef igbevant beam positions
in the beam screen of the same structure. I} value has been obtained from the pure
imaginary impedance.

Slots | Vertical | Wyl | L | Z/n | Long. loss| Power
number | position| x107 factor | losses
(totalof | (m) | (VIC) | (pH) | (1) | (VIC) | (uW)
two rows)

132 0.0 5.0 33 9.0 185 .80

132 -0.014 10 66.5| 18.2 272 1.17

132 -0.024 5.1 33.1| 9.0 97 0.42

Table 1. Longitudinal impedances and power losses.

Slots Vertical | Transverse| Transverse
number | position| loss factor | impedance
(total of (m) | x108 (VIC) Q)

two rows)
132 0.0 -2.9 0.41
132 -0.014 -0.072 +0.01
132 -0.024 +5.8 -0.82

Table 2: Transverse impedances.

The average poweP lost by the beam is calculated with the relation [4]:

P = K;N,I*T (2)
with K the longitudinal loss factorsy, the number of bunches circulating in the ring,
I the average current per bunch afidhe revolution time; the equivalent longitudinal
inductance is given by the theoretical relation [15],

Lc?

Wma:v =
| | V2emo?

(2)



with e the Neper number andV,,...| the wake potential maximum or minumum value;
the transverse impedance is given by the analytical mo@¢l [1

Im(Z(f = 0)] = ~2V7K~ (3)

with K, the transverse loss factor.

As an example we illustrate in Fig. 5 the wake potential (rediped to its maximum
value): the impedance is purely inductive at the geomeéndre of the vacuum chamber.

To completely characterize the section with 132 slots (66 @&), the longitudinal
long range wake potential has been simulated by assumingléesiounch length witlr
= 0.01 m over a distance of 2 meters. Then, the coupling impExlhas been calculated
by the Fourier transform of the wake-potential.

The cut-off frequencies of the vacuum chamber have beemaistd to be 2.62 GHz
for the TE mode and 3.43 GHz for the TM one.

The simulations were carried out for some values of beaniposilong the vertical
coordinate.

There are two potential sources of parasitic resonancesodbe slots at high fre-
quencies related to the distribution and the length of thesglLl4,17]. In general, these
peaks can be reduced by randomization of the longitudispla@cements of the slots po-
sitions. In all cases no specific problem was found to be ifréggiency range of concern
for the SPS operation bunch spectrum lines.

As an example, here we report the case with the beam positiba sacuum cham-
ber centre and where the longitudinal and transverse lassrf&aassume the maximum
values.

The longitudinal real and imaginary part of the coupling @dpnce are reported in
Figs. 6 and 7 in case of the beam position is located at theecehthe chamber and at
the vertical coordinate at y = -0.014 m (corresponding totiaimum longitudinal loss
factor).

The transverse case is shown in Fig. 8 when the beam poss#titatated at the
centre of the chamber. Also in this case the[Z(f = 0)] = 0.41Q is in an excellent
agreement with the previous results of the table 2.

From the Figs. 6 and 7 one can see the presence of parasditarezs and that
the first one occurs at a frequency f = 9.5 GHz very far from tivech relevant spectrum
lines (the beam cut - off frequency is about 400 MHz); the peakgnitude depends on
the beam position according to the loss factor behaviourgn4=

The imaginary impedance up to 7 GHz is about a linear funatidhe frequency,
thus giving an inductive behaviour. The total inductanc&3# slots (66 per row) is given
by L = 32.87 pH at the centre of the chamber confirming the valuerteg in table 1.



The reported results give interesting ideas for the finaigesf the structure. We
believe that the nominal slots number section of design @&6h slots (132 per row) will
also give no specific problem since it will follow the same &ébur than the structure
already examined with 132 slots (66 per row).

5 Whole beam screen section studies

As shown in the previous sections, since the bunch lengtimigdr than the distance be-
tween the slots, the narrow peaks of the parasitic resosamesutside the relevant bunch
spectrum lines, and at low frequency the coupling impedameginary part dominates
the real on& During the machine operation, the maximum beam offsetpeeted to be
few mm [18].

In order to investigate the behaviour of the whole cold baaegition, we calculated
the longitudinal and transverse loss parameters, the aguivinductance, as function of
the slots number N by assuming a Gaussian bunch lengthowitB.12 m.

Theoretical studies [19] for a large slots number N, with adbulength greater
than the distance between the slots and for a large numbéeonf and in presence of
ohmic losses, show that the longitudinal loss factor gropgreximately quadratically
for a small slots number N, while it grows linearly for large N

Figs. 9 and 10 show the fits of the longitudinal and transvierse factors respec-
tively with the beam position at the centre of the chambeesEfigures clearly show the
linear fit dependences as function of the slots number N.

The numerical results are in agreement with the theorepieadictions [19] where
the linear term dominates the quadratic one for small slotsher.

As a conclusion, at the vacuum chamber centre, for the wiealigo with a slots
number N = 264 (total of two rows), we get a longitudinal loasgmeter around &t; =
350 V/Q resulting to a power log3 = 1.5 W. Assuming about 2.2 m structure we obtain
0.7 yW/m. In the worst case scenario of a beam displacement of hemdwer loss is
approximately 3/W (1.33W/m).

From Fig. 10, the transverse loss parameters scales exdtilyhe slots number
N according the theoretical model. As far as the transvengedance calculations and
applying the relation (3), the imaginary part of the tramseempedance is estimated to
be aboutlm|Z(f = 0)] = 0.8212.

In Fig. 11 the fits of the equivalent inductance for two bearsifpan are reported:
vacuum chamber centre and= 0 m, y = —0.014 m. Again, the two equivalent in-
ductanced. go linearly with the slots number N according to the anaitimodel as

1The loss factors shown before include the ohmic losses



expected (for example see [4,10,11,13]). Again we find taitductance increases two
times faster at = 0 m, y = —0.014 m than in the vacuum chamber centre. At the vac-
uum chamber centre we gkt= 66 pH by giving a longitudinal broaband impedarite:

= 18 uf.

6 Cold/warm transition

The cold/warm transition is a tapered vacuum chamber thed fom a diameter of 67
mm to another one of 100 mm with an angle of 45 degree (Fig. 8o A this section,
no specific problem was found in the frequency range of confmerthe SPS operation
bunch spectrum lines. Calculations on this section have baeied out by using the
ABCI code [7] and an analytical approach [20]. As a resu#, ltngitudinal impedance is
estimated to b& /n = 0.37 nf2 and the transverse ote= 485/m, while the loss factor
is 2.8x107 V/C. At each extremity of the COLDEX beam screen one of sudti/a@rm
transition is installed [3]. For symmetry reasons, the Itegy power loss is negligi-
ble [21].

7 Experimental results

Fig. 12 shows the dissipated power per unit length in the CBXRs a function of the
SPS bunch current [22]. The measurements are done when Hebadf 72 bunches
are circulating in the SPS. The beam screen operates at 12 kharcold bore at 3 K.
This intensity scan shows a threshold at1D'° protons/bunch in agreement whith the
appearance of an electron cloud inside the beam screen.e Iméantime, a pressure
increase due to the electron bombardment of the beam scraéwas observed but is
not shown here. Above the threshold, the dissipated hesases linearly with the bunch
current. At 1.15¢10'* protons/bunch, the dissipated power is about 0.9 W/m in thaev
beam screen section. This value exceed by a fadlbthe estimated parasitic loss due to
the coupling impedance of the structure with the beam. Toerehe contribution of the
power loss due to impedance is negligible with respect tatbsipated power onto the
COLDEX beam screen.

8 Conclusions

In this paper we have discussed the power dissipated in thedDE® upgraded vacuum
chamber due to ohmic losses and pumping holes.

As expected, due to the choice of the circular pumping htthespower loss on the
COLDEX vacuum chamber has been reduced from 0.4 mW [4] to¢hebl.5,W.



Coupling impedance and loss factor have been computed iaitgiand the re-

sults checked against theoretical predictions. The powoss tlue to pumping holes is
expected to be few orders of magnitudes smaller than the mpdissipated because of
electron cloud. Also the coupling impedances are negkgibl
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Figure caption

Figure 1. Sketch of half of the COLDEX section vacuum chambére left and right
pictures represent the beam screen and cold to warm t@msgspectively.

Figure 2: Shape of the beam screen used for MAFIA simulations
Figure 3: Shape of the cold to warm transition for ABCI sintigas.

Figure 4: Nomalized longitudinal and transverse loss faatofunction of the verical
beam displacement for N=30 slots (total of two rows).

Figure 5: Normalized longitudinal wake potential for 13®tsl (total of two rows) at
the geomtetric centre of vacuum chamber (x=y=0) With,,.| = 5x 107 V/C.

Figure 6: Real longitudinal coupling impedance for 132slgbtal of two rows) at x=0
and y=0 (dots) and y=-0.014 m (solid) of the COLDEX sectiotinegted by using the
wake potential Fourier transform.

Figure 7: Imaginary longitudinal coupling impedance fo213ots (total of two rows)
at x=0 and y=0 (dots) and y=-0.014 m (solid) of the COLDEX mmtestimated by using
the wake potential Fourier transform.

Figure 8: Real and imaginary transverse coupling impedé&rcg32 slots (total of two
rows) at the geometric centre of the COLDEX section estichaieusing the wake po-
tential Fourier transform.

Figure 9: Fit of the longitudinal loss parameter as functionthe slots number N cal-
culated at the centre of vacuum chamber.

Figure 10: Fit of the transverse loss parameter as functiothe slots number N cal-
culated at the centre of vacuum chamber.

Figure 11: Fit of the equivalent inductanéeas function of the slots number N calcu-
lated at the beam position x=y=0 (circle) and x=0, y=-0.014square). x=y=0 is the
vacuum chamber centre.

Figure 12: Power dissipated onto the COLDEX beam screenrpelength as a function
of the bunch current when 4 batches of 72 bunches circuldatei®PS.
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Figure 1: Sketch of half of the COLDEX section vacuum chambiére left and right
pictures represent the beam screen and cold to warm t@msgspectively.
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Figure 2: Shape of the beam screen used for MAFIA simulations
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Figure 4: Nomalized longitudinal and transverse loss faatofunction of the verical
beam displacement for N=30 slots (total of two rows).
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Figure 5: Normalized longitudinal wake potential for 13@atsl(total of two rows) at the
geomtetric centre of vacuum chamber (x=y=0) with,,.,| = 5x107 V/C.
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Figure 6: Real longitudinal coupling impedance for 132slgbtal of two rows) at x=0
and y=0 (dots) and y=-0.014 m (solid) of the COLDEX sectiotineated by using the

wake potential Fourier transform.
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Figure 7: Imaginary longitudinal coupling impedance fo X3ots (total of two rows) at
x=0 and y=0 (dots) and y=-0.014 m (solid) of the COLDEX seattstimated by using
the wake potential Fourier transform.
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Figure 8: Real and imaginary transverse coupling impedércg32 slots (total of two
rows) at the geometric centre of the COLDEX section estichaieusing the wake po-
tential Fourier transform.
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Figure 9: Fit of the longitudinal loss parameter as functorthe slots number N calcu-
lated at the centre of vacuum chamber.
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Figure 10: Fit of the transverse loss parameter as functiothe slots number N calcu-
lated at the centre of vacuum chamber.
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Figure 12: Power dissipated onto the COLDEX beam screenrpelemth as a function
of the bunch current when 4 batches of 72 bunches circuldteisPS.
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