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Abstract 2lT 

Analysis of the ion trapping expected for the Cornell B- 
factory shows that the presence of a 10% gap in the bunch 
train will be very effective in reducing the ultimate ion 
density. With a gap the average ion lifetime is seen from 
simulations to be under 10-j seconds or about a few turns. 
While the average lifetime is short both simulation and 
analysis show that there exists near the center of the beam 
a small core of long lived ions. The resulting ion density 
distribution is then substantially different from the (gaus- 
Sian) beam distribution. 
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Introduction 

The phenomena of ion trapping by an electron beam has 
appeared in the majority of electron storage rings and there 
is no reason to suppose that the planned B-factory planned 
at Cornell, CESR-B, will be free of this problem. Indeed 
the large time averaged electron beam densities that will 
be present in CESR-B will produce unacceptably large 
ion densities unless the average ion lifetimes are kept to 
of order 10P5 seconds or less. The use of ion stripping 
electrodes in this case is not effective since the ions would 
not have enough time to migrate to the electrodes. In order 
to keep the ion density at a reasonable value it is necessary 
to introduce a gap in the bunch train in which a number 
of consecutive bunches are empty. The use of a gap has 
been used previously giving a significant enhancement in 
performance [l]. In CESR-B a gap is especially effective in 
clearing ions in consequence of the large velocities attained 
by the ions due to the large beam current. 

Figure 1: Stability region as a function of 6J,, and w,tgap. 
The closed tsiangles (vertical) and open triangles (hori- 
zontal) correspond to the operating points at 50 ‘random’ 
places in a CESR-B lattice. 

where tyop is the period of the gap, w,, is the oscillation 
frequency given by 

0, = w,(to - t,,,) is the total ‘rotation angle’ of the ion 
during the non-gap period, A is the atomic weight of the 
ion, N is the number of relativistic electrons, to is the 
bunch revolution period, and a, and o,, are the beam sig- 
mas. 

Ion Stability and Density 

Given a bunch train where a number of consecutive 
bunches are empty if the distance between bunches is small 
then the condition for linear stability in the horizontal (z) 
or vertical (y) plane is [4] 

Ion stability as a function of BU and w,LtgcLl, is shown 
in figure 1. With a 10% gap, an ion’s ‘operating point’ 
will lie upon one of the dashed lines in figure 1. In the 
limit w,tgap -+ 0 the ion is unconditionally stable while 

f-01 %tgap -+ CC the width of a stability region decreases 
as 66J:Lab1e x 4/w,tgap. For w,tyup 2 1 the ratio of the 
width of the stable region Switable to w, and the ratio 
of the width of the stable region to the distance between 
stable regions Aw, (= X) is given by [4] 

0 5 Bu (mod ?r) < BUc u = z or y , (1) 
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Table 1 gives values for w,, w,tyap, and 8,. The values 
shown in the table were obtained using CESR-B param- 
eters with a revolution time of 2.54 . lo-” set, a beam 
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Table 1: Values for wU, B,, and w,tgop. The values were 
calculated for CO+ using CESR-B parameters and a 10% 

gap 

current of 2 Amps, a beam size of crZ N 1.6 . 10F3 meters 
and crv - 2.0~Io-4 meters, and a gap width of 10%. The 
values in table 1 are only approximate since variation in 
cr. and uv from point to point in the ring will result in 
variation in w, and hence in variation of @,, and w,tgap. 
Changes in w, will move the ion’s operating point along a 
dashed line in figure 1. From equation (4) a 0.5% change 
in wY or a 4.5% change in w, is enough to destabilize an 
ion. In CESR-B the ions will be more or less uniformly 
distributed in a limited region of the stability diagram and 
thus the percentage of the ring that is stable can be cal- 
culated from equation (5). As tabulated in table 1, 40% 
of the ring is stable horizontally while 14% of the ring is 
stable vertically. Since the horizontal and vertical stable 
regions are uncorrelated, the percentage of the ring that 
is both horizontally and vertically stable is 6% (= 40% . 
14%) with the length of a stable region being typically 0.4 
meters. For CESR-B the above analysis is not effected by 
the dipole magnetic fields since the beam-ion force domi- 
nates the force due to the dipoles. 

Besides the presence of the gap, a second major factor 
limiting the ion density is the nonlinearity of the transverse 
beam-ion force. This nonlinearity, in conjunction with the 
presence of a gap, produces destabilizing resonances. The 
widths of these resonances in frequency space are an in- 
creasing function of the ion’s oscillation amplitude and for 
large enough amplitudes the ion motion will be unstable. 
Considering only cubic resonances the average amplitude 
beyond which the motion is unstable is given by [5] 

J 6WstabIe 
A,2:cx, 5 I 

WX 

, (7) 

Simulations show that for ions with amplitudes greater 
than the critical amplitude the resonance driven motion 
can quickly remove an ion from the vicinity of the beam. 

The analysis of ion trapping using CESR-B conditions 
shows that one can naturally divide the ions into two 
classes depending upon their lifetimes. The ions with the 
shortest lifetimes, which will be referred to as ‘background’ 
ions, are the ions that are either born in a linearly unsta- 
ble region of the ring or are born in a stable region with 
sufficient initial oscillation amplitude to have an unstable 
trajectory. Simulations have shown that for CO+ the time 
that the background ions spend within 3u of the beam 

is on average about 5 . 10e6 seconds or about 210. The 
second class of ions are those ions that are born in a lin- 
early stable region and have a small enough amplitude to 
not be destabilized by the nonlinearities in the beam-ion 
force. These ions will be referred to as ‘core’ ions since 
they only inhabit the core of the beam. Simulations show 
that with CESR-B conditions this core has a character- 
istic width of order c/l0 either horizontally or vertically. 
The core ions can be further subdivided into two classes 
depending upon whether or not the ion is near a minimum 
in the longitudinal potential produced by the longitudi- 
nal component of the beam-ion force [3]. Core ions near 
a longitudinal potential minimum will be called ‘(longitu- 
dinally) stable core’ ions while the other core ions will be 
denoted as ‘(longitudinally) unstable core’ ions. 

The lifetime for the unstable core ions is determined by 
the time it takes the ions to be pulled into an unstable re- 
gion by the longitudinal component of the beam-ion force. 
With CESR-B conditions the longitudinal potential is of 
the order of 5 eV/meter which, for CO+, gives a lifetime 
for the unstable core ions of typically 1.2 lo-” seconds. 
The total percentage of the ring inhabited by the unsta- 
ble core ions is the 6% of the ring that is linearly stable. 
The integrated density of the unstable core ions integrated 
over the entire ring is then comparable to the integrated 
density of the background ions but the transverse distribu- 
tion of the unstable core ions is, as explained above, quite 
different. 

The stable core ions, on the other hand, have a life- 
time determined by the time for double ionization since 
the upward frequency shift experienced by the ion upon 
further ionization will almost certainly make the ion un- 
stable. With CESR-B conditions this translates into a 
lifetime of about 6 lo-” seconds. The total percentage 
of the ring inhabited by the stable core ions is determined 
by the number of longitudinal potential minimums in the 
ring that also correspond to a linearly stable region. A 
calculation[4] h s ows that this number is about 1% so that 
the integrated density of the stable core ions is similar to 
the integrated density of the unstable core ions. 

With a design pressure of 5 I lo-!’ Torr, an ion track- 
ing simulation program was used to calculate the expected 
density distribution. The resulting density profiles along 
the x and y axes are shown in figure 2 along with the gaus- 
Sian beam density profile for comparison. As shown in the 
figure, the large ion density near the beam center is in- 
dicative of the presence of the core ions. The long tail of 
the ion distribution is due to the ions that are ‘streaming’ 
towards the vacuum chamber walls. 

Tune Shift 

From the calculated ion density profile and an electron 
beam energy of 3.5 GeV it is possible to calculate the am- 
plitude dependent tune shift felt by electrons of the beam 
due to the ions. In this case the vertical tune shift is greater 
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Figure 2: Ion density for a 10% gap. The gaussian beam 
profile shown for comparison has been normalized to be 
the ion density at x = y = 0 

than the horizontal tune shift and so only the vertical tune 
shift needs to be considered. The vertical tune shift as a 
function of vertical amplitude is shown in figure 3. Also 
shown in the figure for comparison is the beam-beam tune 
shift scaled so that the zero amplitude tune shift is 0.01. 
As can be seen from the figure the ion induced tune shift 
falls off rapidly with increasing amplitude which is just a 
reflection of the large ion density near the center of the 
beam due to the core ions. This rapid fall off in tune shift 
is an advantage in terms of any incoherent instability since 
it is the electrons with amplitude of order the beam size 
or larger that will contribute to lifetime or beam blowup 
effects. Another consideration is that, unlike the beam- 
beam interaction, the ions are distributed around the ring 
so that the contribution of the ions to any beam resonances 
will be diminished due to phase averaging [2]. With the 
above considerations the ion induced tune shift is within 
tolerable levels in CESR-B. 

The effect of increasing the gap to 20% is shown in fig- 
ure 3. A 20% gap brings the tune shift well below the 0.01 
beam-beam interaction tune shift for all amplitudes except 
at the lowest amplitudes. While the larger gap is effective 
in further suppressing the ions in terms of further increases 
in the gap size one is quickly reaching a region of dimin- 
ishing returns since for a given current there is a minimum 
ion density that will accumulate regardless of the width of 
the gap. This can be seen by considering the fact that an 
ion will have stable oscillatory motion between the time of 
its creation and the time that the gap first passes by it. 
With CESR-B parameters this minimum density is about 
3. IO”/m” near the center of the beam. 

Coherent Instabilities 

Given a coherent normal mode of the beam-ion system, 
if any ions have a lifetime that is short compared to the 
growth time of the mode then the ions will not contribute 
to the growth of that mode. This is true since for mode 
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Figure 3: vertical tune shift vs. vertical amplitude 

growth there must be phase stability between ions and 
beam and the creation and destruction of ions will tend 
to randomize this phase. The background ions with their 
very short lifetimes will thus not contribute to coherent 
growth. 

The analysis of the coherent interaction between the 
beam and the core ions is complicated by the time depen- 
dence in the beam-ion interaction introduced by the gap. 
There is also a further complication introduced by the dif- 
ferences in the density distributions between the core ions 
and the beam. An analysis of this situation[5] shows that 
for the dipole modes the effect of the gap is to increase 
the response of the ions to a given perturbation roughly 
in proportion to w,tgop. It can also be shown that for the 
dipole modes (the dipole modes are the most dangerous 
modes) the ‘effective’ ion density is the ion density that 
one would have if one took the core ions and spread them 
out over the whole beam. Taking the above into account 
the calculation of the effect of effect of Landau damping 
upon a mode can proceed upon standard lines [6]. With 
CESR-B parameters a calculation shows[5] that the dipole 
modes will be suppressed by Landau damping. 
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