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FIGURE CAPTIONS

Fig. 1 Phase plane representation of slice movement.
Fig. 2 Partial acceptance evolution for QH = 4.20.
Fig. 3 Efficiency versus number of injected turns

for various horizontal emittances.

Fig. 4 Optimum injection efficiency and setting
(DI, DIP) as a function of QH'

Fig. 5 Computed current build-up and incoherent
QH—domain for a high intensity beam.

Fig. 6 Horizontal amplitude distribution calculated
and measured for four TB—values.
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Summary

Analytical expressions are derived in order to
compute the optimum injection parameters for betatron
stacking into a chosen fraction of the total accelera-
tor acceptance in the Q range N + 0.1 < Q < N + 0.9,
The example of the CERN PS Booster (PSB) is worked
out. The efficiency of the process is calculated using
standard numerical integration algorithms with a Gaus-—
sian distribution of the incoming beam. Other types of
distribution can also be dealt with. The results show
that the installation of pulsed dipole and quadrupole
supplies to obtain steering and focusing conditions
which vary during the injection process will improve
the injected current by only 37 in the case of the PSB.
The measured performance of the PSB injection system is
reported and compared with model prediction. Estimates
of injected currents prove to be about 107 higher than
the actual values. Some considerations on the influence
of space-charge forces, which might explain this effect
are presented.

Dynamics of Beam Slice

The beams which are to be injected into the four
PSB rings can be aligned and focused such that for
each ring the injection conditions are optimal. Four
kickers per ring provide a local closed orbit bump at
the injection septum position, with a maximum amplitude
DO, which falls linearly in a time TIKS, that is:
D(t) = DO (1-t/Tiks). A slice of incoming beam enters
the accelerator at the exit of the injection septum,
after which the centre of the slice will perform beta-
tron oscillations with respect to the instantaneous
closed orbit, with an amplitude X, at the injection
point.

The centre of the slice was injected at a distance
DI to the outer septum side and at an angle DIP with
respect to the closed orbit. After each revolution i,
the distance Xj of the slice centre to the inner septum
side can be calculated (see Fig. 1) :
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DS is the effective septum thickness (1.5-3 mm),
Qq is the number of horizontal betatron oscillations
(4-5), By is the betatron function value at the injec-
tion point (v 5.8 m), and tyey, is the revolution time
(% 1.66 us at injection).

The symmetry of the Booster unit cells determines
Bﬁ = 0 at the injection point. As it is useful to ori-
entate the incoming beam equidensity ellipses in the
same way as the Courant Snyder invariant ellipses at
the injection point!, the incoming beam is focused
such that the equidensity ellipses in the horizontal
PSB phase plane obey the relation :

(x-xc)2/8p + (x'-x1)28L, = ¢ (2)

where (xc,xé ) are the coordinates of the incoming
slice centre.

After each revolution a loss can be produced by
the injection septum defining a loss boundary - cut
assumed to be a straight line? - in the horizontal
phase plane moving with the circulating slice. To cor-
relate the distance Xj directly to the intensity, a
normalisation function F(iQg) is used such that

x¥ = X;/F(iQn) (3a)
B3 '
F(iQy) = Eg'sin 2(2mQui) + cos 2(2mQyi) (3b)
L

Here XV is a measure for the number of particles
dependent on the particle distribution which will be
lost on the injection septum if the losses of all
other cuts are neglected.

The start of the injection process Ty, is chosen
such that the centre of the horizontal phase plane is
filled, yielding

TB = (‘DSE—DS+DO) TIKS/DO - trev (4a)

DSE is the distance from the inner septum side to
the unperturbed closed orbit.

ng is the number of injected turns, which deter-
mines the end of the injection process:Tg=Tp + ng trg,.

Partial Acceptance

For a slice of incoming beam, an area in the hori-
zontal phase plane - the partial acceptance - is defin-
ed to be the area in which the particles have to be lo-
cated to be accepted in the machine. All particles of
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the slice outside this area will be lost on the injec-—
tion septum. A minimum of three cuts is required to
describe such an area, but in some cases four cuts
prove to be necessary. A higher number of cuts is not
considered, as this only happens in the low efficiency
part of the process, or only affects the low density
tails of the particle distribution.

Fig. 2 shows an example of the partial acceptance
evolution for the case Qg = 4.20. At the beginning of
the process the partial acceptance is determined by
3 cuts: O produced at the moment of injection and the
cuts produced after 1 and 4 machine revolutions. Later
on, cut 5 has to be considered as well, leading to a
four angle partial acceptance.

The optimized parameter setting is determined by
finding the largest ellipse which can be injected into
the partial acceptance without losses. In the 3-angle
case defined by cuts o, j and k, one poses:

N _ N _
Xy = X =1 (5a)
and
d DI?
—_— (— = 0 b
L G (5b)

As a result, DI and DIP can be written as a fun-
ction of the moment of injection t and Tygg for a
given partial acceptance configuration :

Aprt  Bpr
DI(t,Tigs) = + +C (6)
Ik Trks  T1ks D1
Apipt  Bprp
DIP(t,TIKS) = —— + Cp1p (7)

T1ks TIKs

Eqns. (6) and (7) are determined by eq. (5a) and
B1, coming from eqn. (5b) is approximated by :

/0.9 Buley (2mQui)|

[cos(2mquk) | sin(2mQuj) |
|cos(2mQu3) | sin(2mQuk) |

B, = (8)
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while j and k are chosen such that :
cos (2mQyj) > cos(2mQyk) (9)

More detailed derivations and results are presented
elsewhered,

For the four-angle case, the DIP is assumed to be
completely decoupled from DI. The partial acceptance
is determined by the cuts o, k, j and 1, where j is
almost parallel to cut o. For the calculation the re-
quirements are :

NIx EFF
;o[ + &4 100 FIG. 3
X E, 130 —_—
+ £, 160
+
54+
5 0 15 2 25

which yields the same type of equation as eqn. (6) and
(7), but By will be written as :

Dlg, — Tg
v
BL(C) A2y ey DI = mean{DI(t)}T (11)

BL " BL B

In the PSB it has proved sufficient to distinguish

only two partial acceptance configurations during the
whole injection process. The time T, for switching from
one configuration to the other is calculated by re-
quiring that one specific parameter must be a contin-
uous function with time. Of course this procedure can
be refined, but such modifications necessitate consi-
derable effort and do not significantly alter the re-
sults, Table 1 shows the three possible cases :

TABLE 1
Case Tg-To ToTE Cont. Parameter

I 3-angle 4-angle 81,
II 3-angle 3-angle DI/VBL
III 4-angle 3-angle 8L,

At last Tygg can be calculated. In the PSB, the
beam is injected until the horizontal PSB emittance
containing 95% of the particles has the required size".
(Nominal ey = 130 nmm mrad at 50 MeV, while Ay = 220 n
mm mrad). When DI(t), DIP(t) and BL(t)are known, it is
possible to obtain a first approximation for Tyks from
geometrical considerations.

A linearization of the efficiency behaviour around
Tg subtracting the particles lying outside ey will then
finally yield the required Tygs.

Efficiency Calculation

To calculate the efficiency of the process, use is
made of a Gaussian distribution for the incoming beam,
while the probability of finding a particle on an equi-
density ellipse ¢ is given by:

DI = X? (l0a) P(e) =<§— exp) - e/eo) (12)
o
N . €5 % 10 7 mm mrad for the incoming PSB beam.
B Xk . XQ 8 (10b) For a given slice, the partial acceptance is split
BT ]sin(ZWQHk)I Tsin(2mQuQ) | L up into two sets of rectangles approximating the total
partial acceptance area. One contains twice as many
Xi + Xg N rectangles as the other. The summation over all rec-
and %sin(ZﬂQHk) SIn(27050) 2 /2By ~ DIP (10c) tangles yields the efficieacy for a given slice of in-
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coming beam, A comparison of the results of the two
sets shows the accuracy of the calculation. As effi-
ciency is a smooth function of time, the total multi-
turn process efficiency is calculated with Simpson's
rule. To compare the injections with dynamic injection
parameters and fixed ones, the fixed parameter X has
to be calculated from the dynamic one x(t). A weight
function w(t) is defined as :

w(t) = 1 - exp{-DI%(t)/e By (t)}

Tg Tp
and X =£ w(t) x(t) cyj w(t)dt
B Tg

Results obtained in the CERN PS Booster

(13a)

(13b)

Much information on the performance of the multi-
turn injection process is contained in the graphs
number of injected turns (ng) versus n. times the
efficiency. To diminish space charge effects, these
curves have been measured in the PSB with a low in-
tensity Linac Beam (17mA) for €y = 100, 130 and 160 T
mm mrad (see Fig. 3). The graphecs can be fitted nicely
with an effective septum thickness DS = 3mm. The dot-
ted curve shows the prediction for DS = 1.5 mm (the
calculated value). The probable cause for this high
DS-value is the trajectory of the incoming beam in the
‘njection septum.

For Trgg = 60 Msec and By = 2m the efficiency
plus optimized parameters are displayed in Fig. 4,
Measurements in the Qg value range 4.55 - 4.68 are
also shown . The DIP discrepancy at Qg = 4.67 is re-
lated to the influence of the horizontal acceptance,
which is not considered in this model, owing to the
particular emittance filling adopted in the PSB. For
other accelerators it may however be useful to appro-
ximate the horizontal acceptance by a cut, thus intro-
duing three partial acceptance configurations with
time, instead of only two as in the case of the PSB.
The dots in the efficiency plot in Fig. 4 represent
the gain expected when injection is performed with
dynamic injection parameters.

Space Charge Effects

At high intensities 3.8x10l2ppp are injected with
the injection point Qy,Qy % (4.23, 5.32). A horizon-
tal blow-up has been observed coming from the line
Qy = 4.0 about 400 usec after injection during the
trapping process. One msec after injection the beam is
stable. These conditions make it difficult to observe
‘he injection process behaviour. Some deductions can,

owever, be made.
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In Fig. 5 the current build-up and incoherent Qy-
domain during the injection process in the PSB is shown
for two typical Qg values. The Qy spread and shift-
induced partial-acceptance change has been verified by
a comparison of the DI-values around Qg = 4.67 and the
DIP values around Qy. 4.17 for two incoming beam in-
tensities (17mA and 86mA). The measured values cor-
respond to the predictions from Figs. 5 and 4.

For low-beam intensities it proved impossible to
create horizontally hollow beams. Injection of four
turns with different TR values - Tygg: 4Opsec, ILTNAC:
17mA and AEpnac S * 35keV - should yield the horizon-
tal amplitude distributions shown in Fig. 6. Different
distributions have been measured with BEAMSCOPE® (Fig.
6), which were confirmed by target measurements. The
hole fills up and simultaneously the number of high
amplitude particles increases. The powering of zero-
harmonic octupoles, which create a Qg spread, dimini-
shes this effect.

The phenomenon may be explained from the lumped
beam structure. The space charge forces working on
each particle are modulated with the betatron fre-
quency. For a 17mA Linac beam maximum movements of
+ 0.5mm at the septum position have been calculated
after five machine revolutions, assuming rigid slices
and no Qg spread at all. For different incoming beam
intensities no significant influence of this move-
ment on the injected intensity has been detected. This
can be caused by the Qy spread and the dependence of
the sign of the particle movement on the initial con-
ditions of slices and particles.
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