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Ecloud Build-Up Simulations for the FNAL MI for a Mixed Fill Pattern:
Dependence on Peak SEY and Pulse Intensity During the Ramp®
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Absiract

We present simulation results of the build-up of the
electron-clound density n, in three regions of the FNAL
Main Injector (M) for a beam il pattern made up ol 5 dou-
ble booster batches followed by a 6th single batch. We vary
the pulse intensity in the range Ny = (2—5) = 10", and the
beam kinetic energy in the range /), = 8 — 120 GeV. We
assume a secondary electron emission model qualitatively
corresponding to TiN, except that we let the peak value of
the secondary ¢lectron yield (SEY) 8. vary as a free pa-
rameter in & fairly broad range.

Our main conclusions are: (1) ALlixed &, there is o clear
threshold behavior of n. as a function of §,,.. in the range
w11 —1.30 (2) At lixed 8,,,,,, there is 3 threshold behavior
of n,. as a function of Ny provided 8., 15 sufficiently high;
the threshold valee of NV is afunction of the characteristics
of the region being simulated. (3) The dependence on £
15 weak excepl possibly at transition energy.

Maost of these results were informally presented (o the
relevant MI personnel in Apnl 2000

INTRODUCTION

The desire to assess the impact of the electron-cloud ef-
feet on the MI upgrade [1] has motivated the measurement
of the incident electron flux J. on the walls of the M1 viac-
uum chamber by means of & REA electron detector installed
in a field-free region |2] for various high-intensity beam fill
patterns [3], and of the mensurement of the semi-local av-
erage of the volumeiric electron-cloud density w. by means
of the microwave dispersion technigue |4, 5.

In this nole we present simulation results for n.
three different regions of the chamber, which we label
“edet,” "bend,” and YFRellip”” The first one, “edet,” rep-
resents a round-pipe field-free region where the RFA 5
installed. The other two represent regions where the mi-
crowave transnission measurements have been performed:
“bend” represents a dipole bending magnet, and “Fhellip™ a
ficld-free region, both having elliptical chamber cross see-
tion. Table | provides the assumed values for the relevant
parameaiers.

In the exercises considered here vary 2, bunch imen-
sity Ny and 05 i the range specified in Table 2, bot not
in all possible combinations (here Ny is the bunch inten-
sity in uny of the first 5 batches; the bunch intensity in the

DOE untler eomract DE-ACO2-05CH 11231,
! afurman @ Ibi poy

6tk batch is always 50% of thal in the frst five). Detailed
parameter values for each case are explained below. Pre-
liminary resulis were presented at the PACOD [6].

The results were obtained with the 2D program
POSINST, which simalates the electron-cloud build-up and
decay in a specific region of the chamber under the action
ofa prescribed beam fill pattemn [7-10]. All results here are
based on the simulation for only one full machine revolu-
tom; this is sufficiently long for the electron cloud to reach
steady state, which typically oceurs within the first ~ 2 js
following beam injection into an empty chamber.

ASSUMPTIONS

We gssume a beam fill pattern similar to what has been
used in the corresponding measurements, consisting of 6
batches in which the first 5 are oblained by slip-stacking
booster batches; the 6th baich bunch intensity 15 50% of
that in any of the first five. Owing to an initial misunder-
standing, we used two slightly dilferent patterns for differ-
enl sets of simulation runs (see Fig. 2). The difference in
the results for these two is expected to be negligible; for the
sake of the record, however, we specify in the results below
which pattern was used in which case,

Although the beta functions and the transverse RMS
beam sizes are different in the three sections, we set them
equal for the purpose of the exercises carried oul in this
note,  The bunch sizes quoted in Table 1 for & = 8
GeV correspond to a normalized Y5% emiltance eqs,, =
15 % 10 % o m—rad. For higher IV we simply scale these
o'y in preportion to 5~ /2, where « is the usual relativistic
factor for the beam.

In actuality, the longitudinal bunch shape, at least in the
first 5 batches, is Fairly fat as a resoll of the stacking pro-
cess, however, to simplify things, we have assumed that
the shape is gaussian with an RMS bunch length {in time)
me = Tos /4, where 105 is the 95% bunch duration plotted
in Fig. 1. Simulations comparing gaussian va, Mat Tongi-
tudinal bunch profiles for the LHC [11], as well as for the
MI (unpublished), showed very small differences in similar
parameter regimes. Finally, we have assumed that the three
RMS bunch sizesore the same for all bunches in the ring.

The electron-cloud build-up 15 seeded by jonization of
residual gas. The tomization electron creation rate {elec-
troms generated per proton per unit length of beam traver-
saly quoted in Tab. 2 is computed from the formula

2494

' [m™!] = 3.284 0, [Mbarn] = P [Ton] x 7K {1
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However, in essentially all cases, it is the secondary elec-
tron emission that dominates the intensity of the process.
The model used here for the secondary eleciron emission
spectium comesponds, approximately, to that of TiN. How-
ever, we like 4., 85 & free parameter that we exercise in
a fairly broad range. Ideally, by fitting the resulis obtained
here to measurements, one might determine &, The va-
licdity of this fit assumes, of course, that all other relevant
parameters are frozen at some realistic value, While previ-
ous work indicates that the values of these olher parameters
are reasonably realistic, we have not checked the shove as-
sumpLion.

Essentially all the present results were informally pre-
sented to the relevant M1 personnel in Apal 2010, This
work amounts to a logical continuation of the studies nii-
ated in early 2006 [12]. A complete publication list can be
found in Ref, 13

RESULTS
Build-up at fixed E;,

There is evidence that the electron cloud signal in the
1A has & sipnbicanl dependence o e pc::tking at Loy o
(i) GeV. On the other hand, it appears that the microwave
dispersion measurements show a signal that is fairly inde-
pendent of Ep except near transition at g, ~ 20 GeV [14].
Furthermore, the dispersion measurements hive been stud-
ied in a bit more detail ot 120 GeV, hence oor choices
f£y = G0 GeW for “edet,”, and &5, = 120 GeV for “hend"”
aned “FFellip.”

Results for . as a function of time doring one revolu
tion period are shown in Figs. 4,56 for the 3 reglons con-
sidered. Each of the 4 plots in cach case corresponds to
4 differemt values of N, as indicated. The simulations for
all three regions show o clear threshold of 5, as o function
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Figure | Measured 95% bunch duration during the ramp
a5 a function of the beam momentum
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Figure 2- Fll patterns used in the simulations for one ma-
chine revolwtion, for the case NV, = 1 % 10", The bottom
mumbsers (lell,...) represent the bunch population. The
top numbers (8244, ) represent the number of filled or
empty buckets. Pattern “hintmmixed” has 451 bunches,
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Figure 3: Bunch intensity in any of the first 5 ains as a
funciion of total beam intensity for the two il pattterns
considered, shown in Fig: 2. The bunch infensily m the 6th
train s always 50% of the value inoany of the first 5 trains,



Table 13 Assumed loczl parameters in the three simulated regions,

guantity symbaol [unit] “edel™ “hend"” “FlFellip”
Beta functions (fe,0,) [m] (20, 30 {20, 30) (20, 30)
RMS transv. beam sives st £y = 8GeV (o, 7, ) [mm] (2201, 2.806) (2291, 2.806) (2.291, 2.806)
Pipe cross section e Jrae round elliptical elliptical
Fipe semiaxes {a; b) [cm] (7.3,7.3) (6:15, 2.45) (6.15,2.45)
Dipole field al 2. = & GeV BIT] 0 01022 ]

Table 2: Assumed global parameters.

* Ring and heam
Ring circumfercnce
Revolution period at 120 Gey
RF frequency at 120 GeV

€= 3319410 m
Ty = 1107 ps
frp = 53.10 MHz

Harmonic number h = 588
Beam kinetic energy B = 8 — 120 GeV
Bunch profile 310 gaussian
5% bunch duration see Fig. |

N; = (2—5) x 10'3
Np = (0.4 —1.1) x 10"

Pulse intensily
Bunch intensity

Fill pattern sec Figs. 2 & 3
Primary ¢~ sources

Residual gas pressure = 20 nTorr
Temperature T =30 K
Tonization cross-section m; = 2 Mbarns

lonization e~ creation rate 1.266 = 107 (e/p)im
Secondary € parameters
Range of peak SEY

Energy at diu

SEY at 0 encrgy

Simulation parameters

E“'mx =— ﬂ = I-.?
Fns = 292.6 eV
§(0) = 0.2374 % Byag

Primary macroelectrons/bunch T
Max. no, of macioelections 20000
Full banch length Ly = boy
[ntegration time step (Lor2.5) % 10~ ¢
Space-charpe grid G4 = G4

of &0, and also that this threshold value depends clearly
on Ny, This threshold dependence had already been noted
earlier [15]. For N, > 4 x 10", the threshold in dy. is
in the range 1.1-1.3, The region “edet” shows a weaker
dependence on 8y, than the other two, probably because
its larger radiug leads to lower electron-wall impact ener-
gies, hence to a lower effective SEY. However, when both
Srnae and Ny are above threshold, the steady-state value of
ne = 1 % 10" m™3 is similar in all cases, corresponding (o
= 100% beam neutralization. In these simulations we chose
an integration time step Al = 13 107 & which, based on
prior experience, is sulliciently shorl 1o yvield numerically
stable results. The one-tum averaged n, cormesponding (o
the above build-up simulations are shown in Fig, 7 for the

3 regions considered, showing more cleardy the threshold
behavtior as a function of NV, for each value of §,,...

The “bend” exhibits a non-monotonic behavior of
(N ) for e = 130 This behavior has also been
moticed in simulations for the proposed PS2 and for the
SPS [16-18], although wot yet experimentally verified.
The nen-monotonicity can likely be explained by the fact
that, as Ny grows, the average electron-wall impact energy
crosses B =~ 203 eV (where the SEY is maximum)
when N = 3 x 10", This explanation makes sense only
when the effective SEY is < 1(= 1) for ¥y < 3 x 10™(>
3w 10", which is valid only for the trace corresponding
to dpuay = L in Fig. 7. A full explanation remains to be
spelled out in detail, although a qualitative picture can al-
ready be based on the average electron-wall impact cnergy.
Experimental tests at the SPS will be conducted in the near
future [19].

Build-up during the ramp

Inthis set of simulations we obtained the average n,. dur-
ing the eneigy ramp, but only for one value of Ny, namely
1 x 10", corresponding to Ny = 4.305 x 10" for the pat-
tern “hi_int_mixed.” In this case, the integration time step
was At = 2.5 % 10711 5, which is adequate. We also used
a finer scan in by, than in the above simulations.

Results are shown in Fig, 8. In general, one ohserves
n weak dependence on I9y, excepl possibly near teansition,
which can be explained by the short bunch length. This
wieak energy dependence is consistent with the microwaye
dispersion measurements but not with the RFA measure-
ments, a discrepancy that remaing to be fully explained.
In all cases analyzed we observe again the threshold be-
havior of n, as a function of 8., with a transition
S ™ 1.1 — 1.3,

DISCUSSION

Wi have examined the electron cloud in the M1 for a fill
pattern made up of & trains, in which the bunch intensity
in the 6th train is hall of that in the previous 5. This pat-
term can be achieved in practice by slip-stacking boosler



batches, We have examined pulse intensities in the range
Ni = (2-5) = 10", corresponding to bunch intensities (in
the first 5 hatches) in the range N, = (0.4 — 1.1) = 101,
The main conclustons from the results presented here are:

[. Al fixed Ny, there is aclear threshold behavior of 1, as
a function of dy,ax in the region dya = 1.1—1.3. This
result is fully consistent with previous simulations we

have carmied out for the M1,

2. Al fimed dyyq., there is also a threshold befiavior of
M 85 g function of Ny, provided dy,q, is high enough
{(typically = 1.3). The threshold value of N, de-
pends on the detoils of the region being simulated:
for “bend,” Ny < 2 =% 10'2; for “edel and “FFellip,”,
Ny = (3 — 4) = 10'*, This result is qualitatively con-
sistent with prior simulations.

3. The electron-cloud average density shows a weak de-
pendence on beam energy excepl at wansition. This
qualitative feature is more consistent with the mi-
erowave dispersion measorements then with the REA
measenents,

4. When ., 18 2t or abowve the transition region, the
simulations show deep NMuciumtions resulling from a
“wirtmal cathode” effect, The Muctuations are partly
physical and partly due to numerical artifacts, but do
nul significantly allect the one-lum averages of .
An improved simulation model is called for in order
to betier understand and control these effects,
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Figure #: one-turn average of . during the ramp in cach of
the 3 regions simubated, for the 1 pattern “hiint_mixed”
for Ny = 1 s 10% (N, = 4.305 x 10'%), Each trace
corresponds to the indicated valve of the peak SEY ...
The abscissa is the full beam energy, 5 + mpr:'z.






