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1. Introduction

Coherent instabilities on the lowest dipole mode (hiccups) leading to beam growth of 
dense and cool stacks have been identified in the AA. These instabilities limit the smallest 
vertical emittance achievable with stacks of more than typically 2 • 1011 p's. The same is 
true in the horizontal plane above 3.8 • 1011 p's.

Protons resulting from ionization by the antiprotons of the residual molecules (mainly 
H2) and trapped in the beam potential wells of the AA long straight sections are thought to 
be responsible for these instabilities. Their coherent bounce frequencies correspond to the 
lowest transverse dipole mode of the beam (n = 3). The process is similar to the electron 
proton instability already seen in the ISR1 and studied by H. Hereward1, E. Keil and 
B. Zotter2-3.

Application of E. Keil and B. Zotter's linear theory with no frequency spread (i.e. no 
Landau damping) to the AA observations reveals the seriousness and difficulty of ion clear­
ing: a single neutralization pocket created by a chamber enlargement of a factor 5 over 5 cm 
can provoke the observed proton antiproton instability!

However, the occurrence of transverse instabilities at higher beam emittances in the 
process of stack cool down ("first" H, V or H & V hiccup), suggests the existence of an ab­
normally large neutralization pocket, with ion filling times of the order of tens of min­
utes. The possibility for it to be due to the 2.5 meters of ceramic chamber of the stack 
tail kicker system in straight section 12 is examined.

Finally, the problem of improving the ion clearing in the AA is discussed, together 
with some ideas to suppress these instabilities (or rather push further their threshold), 
which require -of course- experimental proof.

2. Ion Production and Trapping in the AA

Observation of ion production and trapping in the AA results essentially from two types 
of measurements: recording of the clearing current on a clearing electrode (QDN 13) placed 
in the middle of one of the two long straight sections with zero dispersion (SS 12 & 13) and 
tune shifts measurements with the clearing electrodes turned on or off (cf. Annex 1, Fig. 1 
and Ref. 3).

The normal vacuum situation is such that with an average gauge pressure of 5 « 10"11 
Torr with 90%. H2 and 10%. of mass 28 (CO or N2), it takes about 26 seconds for an antiproton 
to produce an ion, with roughly equal probability for it to be H+ or  (or  Unfortuna­
tely, little is known on the relative fraction of protons directly produced in the ion­
ization process. However, given the energy of the ionizing antiprotons, certainly a fraction
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of protons are directly created from the hydrogen molecules (cf. mass spectrometer cracking 
patterns and Ref. 4), this being even more true in neutralization pockets due to chamber en­
largements , where ions sojourn times should be such as to give them a non-negligible chance 
to be further ionized. In fact, a simple analysis of the process of ion formation and clear­
ing in pockets shows that these are finally mainly neutralized with protons after a time 
shorter than the primary ionization time (Annex 1). Despite an effort to have a smooth 
chamber together with clearing electrodes judiciously placed to minimize the residual neu­
tralization, cross-sectional changes -and thus pockets- are hardly avoidable and exist in 
the AA, particularly in the long straight sections (vacuum valve bodies, scraper tanks, 
bellows, etc.)

3. Ion Bounce Frequencies and Minimum Clearing Voltages

Dipole transverse instabilities induced by ions occur when the coherent ion bounce fre­
quency QiQ in the beam potential well is roughly equal to the beam's natural transverse fre­
quencies (n - Q)Q, and when the force exerted by the ions (i.e. their relative number) is 
sufficiently high to overcome the beam damping mechanisms (damper + Landau).

Qi, the ion bounce number, does not depend on neutralization as long as there is only 
ion specie i. The instability mechanism requires some coherence in the ion motion: the ion 
cloud oscillates as a whole.

Annex 2 gives the ion bounce frequencies ( and H+) for the typical AA numbers and 
stack intensities for which Hiccups appear. It is clearly seen that coherence with the 
lowest beam modes (3-Q), which are typically around 1350 to 1400 kHz (QH, QV ~ 2.26) are 
only possible with protons bouncing in the long straight sections where the beam size is 
smallest, at least with the actual AA intensities. Also given are the minimum clearing 
voltages required to effectively clear the beam around the machine, for typical chamber 
heights (one clearing electrode is usually placed on the bottom of the chamber).

4. Instability Threshold

One Hiccup lasts typically 1 minute during which the emittance increases by 10% It 
consists of several (5 to 10) microinstabilities, each increasing the emittance by ~1% step- 
wise, until the neutralization threshold with ions of lower frequencies cannot be reached 
any more. The cooling system then reduces the beam size to the initial threshold and the 
same process starts again. The process is illustrated by the recording of AA stack emittan­
ces during cooldown shown in Fig. 2. Figure 3 shows spectrum analyser photographs of the 
coherent signals.

The average neutralization of the AA stack is small with the clearing system on (cer­
tainly less than 1%, cf. Annex 1). The fact that the interval between each microinstability 
is between 5 and 10 seconds points at residual neutralization pockets as being responsible 
for the instability. Ion bounce frequency calculations point at pocket with large numbers of 
protons in the long straight sections. This hypothesis is further supported by the analysis 
of the clearing current collected on the QDN 13 clearing electrode located in the middle of 
SS 12 and 13, during a hiccup (Fig. 5). As the instability is a clearing mechanism for pock­
et's protons causing it, the pocket potential deepens and the flow of ions to the clearing 
electrode is momentarily diminished (protons passing through the pocket are ejected). It
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thus seems that clearing current monitoring is an attractive way to locate eventual harmful 
pockets around the machine, and we plan to equip the AA with a full set of clearing current 
monitoring devices for the end of 1985.

The following threshold calculation using Keil and Zotter's2 formulation without spread 
in frequencies shows that only one reasonable neutralization pocket is enough to explain the 
phenomenon (this in turn justifies the neglect of frequency spreads). With only one pocket 
around the machine participating into the instability, the treatment considers only the Oth 
harmonic of the force exerted by the pocket on the antiproton and neglects the effect of 
bouncing ions outside the long straight sections, whose frequencies are well out of the beam 

modes, at least for the number of p's and emittance considered.

To pursue the simple case (hypothesis) of a single pocket yielding the phenomenon, we 
start from the beam conditions leading to the instability shown in Fig. 3, namely:

 P

 ɛH = 3.9 π mm.mrad 
emittances at onset

ɛv = 1.9 π mm.mrad

Qv = 2.2575 
betatron tunes

QH = 2.2651 

From Reference 2, the complex frequency of the system of 2 oscillators (beam + protons 
in pocket) is:

 

with

(1)

and Q = the angular frequency of the circulating antiprotons,
Qi. = 2π fi/Ω = the proton bounce number in the antiproton potential well,
Q = 1/2,
Qp = the antiproton bounce number in the proton potential well.
Δ = the determinant in expression 1).

Photo 1 of Fig. 3 gives the frequency of the unstable mode (3 - Qv)fr = 1 379.5 kHz, 
normally (3 - Qv)fr = 1 377 kHz; Qv is thus shifted by ΔQV = 1.2 x 10-3 = -ε.

Working backwards the ion frequency at the onset of instability for which Qp is minimum 
and the determinant Δ in (1) is zero:
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yields Qi = 0.74 (i.e. a proton frequency of 1 372.7 kHz, which is well within long 
straight section frequencies as can be seen from the corresponding table 4 of Annex 2).

With this frequency, one finds the value of the antiproton bounce number (a measure of 
the force exerted by the protons) Qp which vanishes the determinant Δ of (1), i.e. at the 
onset of the instability (Q≈Qv):

With Ref. 2's definition of proton and antiproton bounce numbers:

η = Np /Np- (average neutralization coefficient for protons entering the instability),
the neutralization required is (γ = 3.77 for AA stack core) thus:

 
(2)

As already said, microinstabilities (spaced by about 10 seconds) point at pockets with 
high neutralization. If one takes a proton pocket filling time of 10 seconds , the proton 
neutralization is ~40% (cf. Annex 1).

An average neutralization of 1.3 x 10-4 is thus produced by a pocket:

 

(156 m is the AA circumference). Then, what could be the chamber enlargement, 5 cm long, 
corresponding to that pocket able to produce the threshold neutralization?

A reasonable estimate is (cf. Annex 1), an equilibrium ion population of more than 80% 
protons. Thus the total neutralization should be about 50%. This means that the chamber 
enlargement deepens the beam potential twofold. With a 4 mm diameter beam in a round chamber 
60 mm in diameter, as in QDN 13 region, this means a chamber enlargement of a factor roughly 
5, as the beam potential is:

(3)

(a = beam radius, r0 = chamber radius, λ = p line density). 

that is,≃ 300 mm.

Such objects exist in AA long straight sections: scrapers and flying wire tanks, valve 
body and BLG square pick-ups when they were fully polarized to -24 volts. Of course, if the
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proton production in pockets is less abundant than estimated in Annex 1, the enlargement 
does not have to be as big to explain the mechanism, but the pocket will have to be simply 
longer. The effect of introducing spread in frequencies would -if anything- increase the 
threshold, that is the length or the number of pockets participating in the instability. 
Note that the threshold Qp , that is essentially the neutralization, will depend upon the 
beam size in the chamber enlargement:

By virtue of (3) the maximum neutralization will be:

If a is small compared to r1 and r2, η will depend weakly on it. But if the beam nearly 
fills the aperture, the neutralization in the pocket can reach very high values.

5. Instability at High Threshold: the First "Hiccup"

Numerous observations of stack emittances during the cooldown sequence point at insta­
bilities occurring at higher threshold, such as could be produced by a long pocket nearly 
fully neutralized with protons (see Fig. 2).

The threshold curve of the vertical instability is given in Fig. 4. The ion bounce 
number for a typical stack at which the first hiccup occurs is (see Table 1 in Annex 2):

Qi = 0.65 (fi = 1 200 kHz)

for which the threshold is (see Fig. 4) :

Qp = 0.018 .

Expression (2) gives the threshold average neutralization:

that is, for a fully neutralized pocket a length of:

L≈ 1.2m.
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The fact that following this instability (which discharges the pocket), the phenomenon 
does not occur after minutes of cooldown of emittances down to lower values than at initial 
threshold, could point at a pocket with unusually long filling times of the order of tens of 
minutes, or to a pocket which disappears after the first discharge.

Such an object could exist in long straight section 12, if the ceramic chambers (4 of 
0.6 m long each) were allowed to charge negatively or positively depending on the energy of 
the impinging electrons from ionization of the residual gas (indeed, the initial capacitive 
potential well due to the ceramic and the chamber enlargement is small and would allow only 
a few percent neutralization).

After a careful examination of the literature5 on electron surface interactions, it so 
happens that the sign of the charge taken by the ceramic will depend critically on the 
energy of the electrons.

From secondary emission measurements of N. Hilleret (LEP Division) on aluminium, the 
cross-over for negative to positive yield on an alumina surface is around 15 eV:

yield of secondary electrons ηe < 1 for E < 15 eV ➛ negative charging of the ceramic,

ηe > 1 for E > 15 eV ➛ positive charging of the ceramic.

The bulk of the spectrum of electron energies upon ionization is below 10 eV6. If there 
is little accelerating field to the chamber wall either because at the beginning of accumu­
lation the beam potential is weak or in a condition of beam already partly neutralized, the 
chamber will charge negatively and neutralization will thus increase.

The process of pocket formation, that is of potential deepening due to charge accumula­
tion is very slow, due to the very low flux of sticking negative charges and the high capa­
city of the chamber.

To illustrate this, we take the following example. For a given uniform electron flux 
and sticking coefficient, the equilibrium potential will be given by the ohmic resistance of 
the ceramic tube and will have a parabolic distribution along the tube:

Vx = qeR[x - x2/2L]

with R the resistance of the length L of the tube.

R = (L/S) x ϱ

with ρ = 1014 Qcm, ceramic resistivity,
S = 2πr x 0.5 cm2, surface.

The minimum voltage will be:
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Numerical Application

With  = 3.11 x 1011, rB = 2 mm, R = 2 x 1014 Ω, L = 31 cm, τi the average ionization 
time = 10 s, s the negative charge balance at equilibrium = 0.01, one has:

and

V = -10 volts .

The surrounding potential of the beam is:

The potential well thus created will allow 15/25 = 60% neutralization at equilibrium. 
With the above flux of charge (3 x 10-13 A/m-1), and a capacity of around 550 x 10-12 F/m-1, 
the rate of voltage change on the ceramic will be:

 

that is, 5 hours will be necessary to reach -10 volts, or to create a pocket of 60% 
neutralization !

Thus the process of pocket formation by accumulation of negative charges on the ceramic 
is a very slow one, and this may explain the fact that one sees only one first hiccup with 
high threshold during stack cooldown (emittance threshold is passed before the pocket has 
filled up).

Another interesting point is worth mentioning, as it links to the possibility of posi­
tive charging of the ceramic: for some first hiccups a subsequent permanent drop in the 
clearing current collected by QDN 13 electrode (located 10 cm downstream of the ceramic 
chamber) is observed (Fig. 5), as if a positive potential barrier had developed in SS 12, 
thus preventing the normal drifting of positive ions to the clearing electrode where the 
beam potential is normally the lowest.

No doubt that under certain beam conditions (high intensities), after the first dis­
charge at high threshold of the pocket in the ceramic chamber, the accelerating field of the 
beam with low potential to the chamber wall could be such as to communicate to the electron 
an energy above the threshold for positive charging of the ceramic. If during the instability 
the flow of positive charges has been sufficient to discharge the ceramic wall, this process 
could develop a positive potential barrier that we identify as a drop in clearing current.

Finally to be complete about this first hiccup, one must mention the fact that it may 
happen horizontally, vertically or both. In this latter case, the growth in vertical ampli­
tude is smaller than in the horizontal plane, and this suggests strongly a relationship 
between the vertical oscillation of the ions and the horizontal mode of the beam, possibly 
through residual coupling in the machine. However, this deserves further study.
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6. Oscillation Amplitudes and Growth Rate

From Ref. 2, the ratio between antiproton and proton amplitude is:

with x = ω/Ω = Qi + ɛ.
For small ɛ this can be written:

For our typical instability with last paragraph's numbers, at onset of instability,

A ≃ 310 .

As already seen, one microinstability yields a ~1% growth in emittance, i.e. a 0.5% 
growth in vertical amplitude. With our numbers (1.7 mm vertical RMS size) the antiproton co­
herent amplitude grows to 8.5 x 10-3. mm while the proton's one is 2.62 mm, that is just out 
of the beam. Thus the instability stops when coherence is lost due to non-linearity of the 
proton motion; the pocket is cleared, ion accumulation can start again and the process 
repeat itself provided the threshold for the next microinstability has decreased, since for 
this one slightly higher emittances mean lower proton bounce frequencies. This is the case 
if some Landau damping is introduced by ion neutralization itself: Q shift due to ions is 
not uniform across the stack momentum distribution. After successive hiccups, the beam 
becomes hollow and the Q spread due to ions is reduced as their transverse density has de­
creased. The process finally stops when the threshold for Qp cannot be reached anymore, due 
to lower proton bounce frequencies and residual damping.

The growth rate of the instability is given by the positive imaginary part of the fre­
quency shift in expression (1). As the beam size goes down with cooling, Qi and Qp change so 
that at onset of the instability the growth rate is zero. The Qi and Qp values reached after 
the time necessary for the amplitude to exceed the noise level will give the growth rate. 
Its maximum value could be, if by some mean one could damp the mechanism until the ions 
bounce frequency is equal to the beam transverse mode frequency, for a fiven Qp:

 (see (1))

which, with our numbers, is:

 

or a growth time of ~0.1 ms, 100 times smaller than the observed e folding time (Fig. 3, 
photos 5, 6, 7).

Attempts to use the transverse damper to control hiccups by increasing its gain are 
shown in photos 6, 7. Its effect is efficient on damping the instability once the ions are 
removed. However, it is clear that more gain is needed to effectively control the 
phenomenon.



7. AA Ion Clearing Improvements:
Things Reasonable to do and Possible Artifices

At time of writing, already large improvements have been made to the clearing system 
-mainly dictated by other AA more tricky phantoms such as dust particles trapped in the 
beam: correct polarization of pick-ups in magnets, 5 new electrodes, higher clearing volt­
age, computer control of the clearing system. Obviously, one has to continue this effort 
with the future big stacks with ACOL in mind: Table 5 in Annex 2 shows that neutralization 
pockets all around the machine will be harmful at 1012 p's. This means avoiding where possi­
ble chamber cross-section changes and installation of new electrodes. Ceramic chambers in SS 
12 should be metallized.

To mention 2 possible artifices to be soon tested, all aimed at increasing the thresh­
old of the proton-antiproton oscillation:

a) Strong damper gain increase with a narrow active filter in the concerned beam mode fre­
quency range.

b) Use of the skew quadrupole to increase the threshold by introducing coupling and spread 
in characteristic frequencies.

No doubt also that numerous experiments are still necessary to fully check some suspi­
cions presented here:

a) proton formation in pockets (can be checked with a plasma monitor in place of a clear­
ing electrode),

b) ceramic charging ("monitor* the first hiccup, and ... metallize !),

c) last but not least: monitor the clearing current on each clearing electrode. This will 
point at eventual pockets responsible for instabilities. One plans to use the electro­
meters of the AA ion gauge power supplies for this experiment, in the second half of 
1985.

Reported by A. Poncet
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ANNEX 2

HP 3845B COMPUTER PROGRAM FOR AA ION BOUNCE FREQUENCIES

AS A FUNCTION OF Np. TRANSVERSE AND LONGITUDINAL EMITTANCES (HICCUPS...) 

AND MINIMUM CLEARING VOLTAGES AND BEAM POTENTIALS

# The beam has gaussian distributions in all 3 planes:

1. Longitudinal RMS size: σp
2. Vertical RMS size : σV
3. Horizontal RMS size : 

Remarks

1. σp is given directly by Simon's program: from the stack RMS frequency spread σs (hertz).

2. σV and σH are obtained from 95% emittances EH, EV (scaled from scraper X, Y measurements
at ~QDN 13).

vertical size:  ; horizontal:

The equation of the ellipse at QDN 13 containing 95% of 
particle  is : 

 
same for Y.

# Ion bounce frequencies for small amplitudes around the beam axis:

with

M = 1.67 x 10-27 kg for H+
= 2.34 x 10-27 kg for 

e = 1.6 x 10-19 coulombs



The field gradient is, for a gaussian beam (around the beam axis):

# Maximum vertical field inside the Bi gaussian beam of elliptical cross-section. 
With:

The field is (CERN/ISR-GS/75-36 by B.W.Montague):

The vertical field is maximum for:

Thus

the precision in the integration is found satisfactory if:

Δt < min( σy/10; σ^/10)
and an upper limit of integration:

From Eymax one obtains the minimum clearing voltage required for 100% clearing: 

VCE ≡ Eymax De 

(De being the spacing between clearing plate and chamber wall)

(The length of the plate with VCE is always sufficient in practical cases if it is 
larger than the spacing,with transverse velocities larger than longitudinal ones)

The beam potential is approximated for a round uniform beam in a round chamber by:



Annex 2



Annex 2



Annex 2

- TABLE 5-

AA nomonal conditions



ANNEX 1

OBSERVATION OF ION ACCUMULATION AND CLEARING IN AA p STACKS

(Summary)

1. AA Clearing System and Clearing Current Measuring Electrode

The AA clearing system has been designed to give an average neutralization of η = 2 x 
10-3 (Fig. 1), with special focus on smooth chambers to avoid neutralization pockets, and 
electrodes at edges of magnets where drift velocities are small. This resulted in 30 clear­
ing electrodes divided in two sets: 12 beam position pick-ups polarized to -24 volts and 18 
plates placed in chamber transitions. One of them, QDN 13, is used in connection with an 
electrometer and a power supply to monitor the clearing current collected over approximately 
half (~7 m) of one of the two long straight sections where the beam is smallest.

2. Ion Production Rate
(See also PS/AA/ME/Note 71).

At end of 1984, the average gauge pressure in the AA was ~5 » 10-11 Torr with 90% H2 
and 10% CO (traces of CH4), i.e. molecular densities of

With the ionization cross-sections for p of 3.5 GeV/c (from Bethe's formula7):

the ionization times are (τi = 1/σinc): 

That is, an average of 26 s for our molecular composition. This fits well with QDN 13 clear­
ing current observations.

Example with  = 1.9 x 1011 (15.11.1984)

a) With only QDN 13 ON, one measures I = 1.28 10-9 A (calculated with t = 25 s, I = 1.21 x
10-9 A if all ions created in the machine end up onto QDN13 clearing plate).

b) With all clearing ON, one measures on QDN13 1 = 3 x 10-11 A (the calculated current if
QDN 13 clears 7 m -one half of SS 12 & 13 where the average pressure is 2 x 10-11 Torr- 
is I = 2.2 x 10-11 A).

3. Linear Tune Shifts due to Ions

 
 

For a cool stack of typically 1 x.10-6 m.rad emittances and a longitudinal spread of +/- 
.003, this gives:
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Example

4th November 1984: 1.7 x 1011 p, εxy ≃ 1π « 10-6 give a calculated ΔQ = 4 x 10-3 η. The mea­
sured ΔQ with all clearing off was 5 x 10-3 vertically,

4 x 10-3 horizontally.

The fit is good and means that:

a) the beam can be fully neutralized with clearing off; that is, there is no significant 
absolute self clearing,

b) with clearing on, the neutralization is low, or certainly not more than a few percent.

4. Which Ion Species in Pockets? (we limit ourselves to double ions)

Let us consider 2 steps:

a) The pocket is initially empty (such as after a hiccup, for instance). At first, we 
neglect the primary multiple ionization (maybe a few percent for H2 if mass spectrometer 
cracking patterns are extrapolable to high energy ionizing particles).

The production of simple ions is:

For double ions:

(with a secondary ionization cross-section not too different from the primary one, and
di+, di++, dm,  respectively the simple ion, double ion, molecular and antiproton 
densities; t is the time).

Thus:

giving the production rates:

initially, the neutralization process is not linear; it becomes linear once the simple 
ion density di+ exceeds the molecular density,

that is very early in the accumulation process if , which is our case. Then,

η, the ratio of ion to beam charge is:
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Numbers are, for typical AA hiccup conditions (Annex 2) of p = 2 x 10-11 Torr (pocket in 
long straight section 24/1 and 12/13) 90% H2, 10% CO and RMS beam dimensions of ~2.5 mm, 
N-=2.5*1011 ;

η(t) = 0.042() + 0.004(CO+) + 0.053 t (H+) + 0.024 t (CO++)

Full neutralization will be reached when η ≃ ηH+ + ηCO++ = 1, that is  in about 15 s.
Thus a pocket will mainly charge with protons and multiply charged heavy ions, in a time 
shorter than the primary average ionization time of 25 s, due to the higher density of 
primary ions and p's than the molecular densities.

b) Once nearly full permitted neutralization is reached, heavy ions will gain the necessary 
escape energy by coulomb heating faster than light ones; the maximum proportion of 
heavy ions will be reached when their clearing rate equals their production rate. Then 
their proportion will decrease and over periods of seconds light ions will replace 
heavier ones and the final population will be mainly composed of protons.

Indeed, the clearing rate by coulomb heating is (see ISR Performance Report ISR/VA-OG/sm

of 21.2.1978):

i.e.

with Z the atomic number, me and mp the electron and proton mass, re the radius of the
electron, rB the beam radius and R the machine radius. ΔV is the escape energy, or the
difference between the maximum possible beam potential for the fully neutralized pocket 
and the growing potential of the pocket in the process of accumulating ions.

To give numbers, for typical AA hiccup situation, with ΔV = 0.1 V, 3.11 x 1011 p's and
1π emittances, the coulomb clearing rates are:

H+ Z = 1, RC = 1.74 x 10-2 s-1, τC x 1 min

 Z = 2, RC = 3.35 x 10-2 , τC =30 s

C0+, C0++ Z = 14, RC = 0.2 , τC = 5 s

COt Z = 22, RC = 0.31 , τC = 3 s

The process of accumulation for ion i can be expressed by:

where the production rate Rp has been given above and the clearing rate R1 α(Zi/(ηp -η)) 
with ηp the maximum permissible neutralization given the depth of the pocket and 
ηT = Σ ηi(t) the growing total neutralization. The process is highly non-linear, and for 
the numbers above, neglecting other ions than H+, , CO+, CO++ and taking into consid­
eration the primary double ionization rate of H2,
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with σH+ ≃ 3%. of  (this is rendered necessary as H+ being the most stable ion, 
will progressively be in small proportion at high level of neutralization and the direct 
production rate of H+ will be of relative importance).

The graphs below give the population evolution as a function of time:a) for full 
neutralization (η = 1), b) for a pocket with 50% maximum permissible ionization.
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