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Summary. The efficiency of the stacking process, in 
which protons are accumulated into longitudinal phase 
space by means of a radio frequency (RF) voltage, was 
measured as function of different parameters such as 
energy, RF voltage, number of stacking cycles and 

r = sin Qs, 

@s is the relative phase of protons in synchronism with 
the RF voltage. 

The efficiency was found to depend predominantly 
on r and the number n of stacking cycles. Efficien- 
cies higher than 70X were measured for values of 
r < 0.5 and n > 30 for both the repetitive and the non- 
repetitive stacking scheme. The agreement between 
theoretical predicted efficiencies, obtained from a com- 
puter simulation of the stacking process, and the mea- 
sured efficiencies is very good for higher values of n. 

From both the theoretical calculations and the 
measurements a rule of thumb could be derived which 
gives a good approximation of the stacking efficiency 
far above transition energy as function of r and n. 

Definition of the stacking efficiency 

Even under ideal conditions in a stacking process 
the density of protons cannot be increased (Liouville 
theorem). Hence the overall efficiency of an accumu- 
lation process in a storage ring can be defined as the 
ratio of averaged phase space density in the stack to 
the density at injection. 

Several factors contribute to the overall effi- 
ciency which may therefore be written as 

where 

ntot = rl'*ll. 

n' represents the reduction in phase space density 
resulting from the RF manipulations (trapping of the 
injected bunches, matching of the RF bucket to the 
bunch, reduction of the amplitude of RF voltage to the 
final value U etc.) during a stacking cycle, and 

0 stands for the stacking efficiency to which the 
following discussion is restricted, defined as 

number of protons in the ideal stack width AEid 
' = total number of protons in the stack 

The ideal stack width after n stacking cycles is 

[ 1 AEid n = n6Eb, 

bEb denoting the RF bucket width in energy, averaged 
over the phase. 

The stacking efficiency is essentially describing 
the reduction of phase space density of stacked protons 
due to the presence of moving RF buckets in or near the 
stack as occurs during subsequent stacking cycles. 
In first approximation it is assumed to depend on the 
energy E, the RF parameters U, r used in the stacking 
process and the number n of stacking cycles, hence 

i-i = n(E,U,r,n). 

The measurement of the stacking efficiency 

To measure the stacking efficiency many stacks 
were made at 22 GeV and 26 GeV with different sets of 
RF parameters (listed in Table 1) and varying number 
of stacking cycles. Both the repetitive and the non- 
repetitive stacking modes were investigaged. In the 
repetitive stacking scheme particles are released from 
the RF buckets at the same energy for all stacking 
cycles, while in the non-repetitive scheme particles 
are deposited at decreasing energies, whereby the energy 
difference between successive stacking cycles is equal 
to 6Eb. 

The density distribution of the protons was meas- 
ured for each stack by means of the RF scanning technique, 
nrhereby empty RFbuckets, generatedbythe RF system, 
are swept through the stack. The signals, induced on an 
electrostatic pick-up electrode due to the passage of the 
empty buckets through the stack, are filtered, amplified 
and displayed on a memoscope. A voltage proportionalto 
the RF frequency of the buckets is used as horizontal 
sweep for this oscilloscope, and density is thus obtained 
as function of energy. Typical density distributions ob- 
tained are shown in Fig. 1. 

To obtain precise measurements, calibration 
(energy per division) of the oscilloscope screen was 
necessary for each series of stacking efficiency 
measurements. This calibration was made by scanning 
single pulses accelerated to different energies, which 
were accurately determined by an RF frequency measure- 
ment. 

To calculate the stacking efficiency, the total 
area Atot of the density distribution and the maximum 
area (Aid)max of the density distribution within the 
energy interval AEid, given by the definition above, 

n = 30 
(2.2 Ampere) 

n = 50 
(3.3 Ampsre) 

n = 70 
(4.8 Ampere) 

Fig. 1. Density distributions in the repetitive stacking 
scheme with r = 0.5 and different numbers n 
of cycles. 
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are measured, The stacking efficiency is then ob- 
tained as 

il = (Aidjmax 
*tot ’ 

T’ne area measurements were carried out on en- 
larged phctographs of the density distributions which 
rr,ade it possible to reduce the errors in the stacking 
efficiency measurement to less than 5%. 

The measured efficiencies are given in Fig. 2 for 
different amplitudes U of the RF voltage, keeping : and 
n constant, and in Figs. 3, 4 and 5 as function of the 
number n of stacking cycles for different energies and 
phase parameters. The amplitudes U of the RF voltage 
and the resulting bucket areas in the (E/moc2,:~) 
plane are given in Table 1. 

Table 1 

r ffw U/kV 

0.30 0.539 0.61 
0.30 0.333 1.60 
0.6G 0.198 4.53 
0.80 0.099 16.00 

ARF 

0.0256 
0.0256 
0.0256 
0.0241 

The computation of the stacking efficiency 

A simulation of the stacking process on a com- 
puterl * 2 allows the stacking efficiency for various 
input parameters to be calculated. In the computer 
model the stacking region is subdivided into N labelled 
energy channels with equal width CE, in energy, cne of 
vhish is filled with test particles. The change in 
the distribution of these particles due to the moving 
RF buckets is computed in the form of a histogram 
constructed on the energy channels at each time ti, 
the RF buckets cross the centre of an energy channel 
Ei. There are then N of these histograms. Assuming 
that all N histograms represent adequately the energy 
distribution of test particles at the times ri and that 
the histograms depend only on the difference between Ei 
and the energy of the test particles, the effect on any 
distribution of particles can be studied by superposi- 
tion. This is done by generating a matrix A from the 
ncrmalized his tograns. The effect of tile moving 
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bucket can then be described by the algorithm 

v, = A v,-1 + vb, 

with Vn the distribution of particles after the nth 
cycle, Vn-1 the distribution before the nth cycle and 
Vb the distribution of the pa:ticles brought up in the 
buckets. With the definition of the ideal stack width, 
the computed stacking efficiency is found to be after n 
cycles 

1 

I 

i + An-1 
nn = n maxi c 

k=i 

Through the operation maxi, the absolute position of 
CEid is not taken into account, which makes it easy to 
compare measured and calculated efficiencies. 

The parameter X, which has to be an integer, is 
the ratio of the width in energy of the RF buckets 6Eb 
and the channel width AEc. 

All computations were performed for an energy 
around 26 GeV and typical ISR parameters. In order to 
reduce the computer time the computer model was scaled 
so that the trajectories in synchrotron phase space 
corresponded exactly to the trajectories in the ISR. 
The computed stacking efficiencies are plotted in Figs. 
6 and 7. 

Results 

The results of the measurements indicate that the 
stacking efficiency is independent of energy for par- 
ticles stacked well above transition energy (see Fig. 3). 
Furthermore, no dependence on RF voltage can be found 
(Yip. 2),wnich shows that the scattering of stacked 
particles due to the presence of moving RF buckets for 
r = constant is proportional to the area of the buckets. 

The stacking efficiency is thus essentially a 
function of 1’ and the number of stackinK cycles. 

For both stacking modes highest efficiencies are 
achieved for low values of r and large numbers of 
stacking cycles. 
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Fl&. 3. Stacking efficiency measured ‘it different 
energies in the repetitive scheme. 

797 



1.0, 1 

.8 
1 / 

l-=0.5 

ri 

r=066 

1 

.:i (y-- 

r= 0.8 

1 

; 

I 

.2 

] 

n ] 
( r--r-* 1 - I ' 1 ' 1 m 

20 40 60 80 ncl 

Fig. 4. Measured stacking efficiency in the 
repetitive scheme. 

.2: AT ,e.e_.l 40 60 80 100 
Fig. 6. Computed stacking efficiency in the 

repetitive scheme. 

The agreement between theoretical and measured 

values of the stacking efficiency is very good for 
n > 30 as can be seen from comparison of Figs. 4, 6 and 
5, 7 respectively. For lower values of n the measured 
efficiency is considerably lower than the theoretical 
value whic!l comes mainly from the following effects. 

(a) During the stacking process particles are released 
from the RJ buckets at energies determined by a measure- 
;lent of the nomcntaneous value of the RF frequency. 

The statistical fluctuations, as a result of system im- 
perfections, in this frequency measurement, increase the 
stack width and hence reduce the efficiency. Clearly 
this effect is iriore prcnour,ced [or lower values of n. 

(b) The en?ty buckets, swept through the stack to 
measure the density distribution, contribute to the 
scattering <If the stacked particles as do the filled 
buckets during the stacking process. Obviously the 
scattering due to these empty buckets forms a larger 
=ercentagti of the total scattering for low values of n. 

Oiir i:iedsurC”‘C:ltS ccnfirnl qualitatively the rpslllts 
from the CERN electron storage ring.3 A direct com- 
parison is not possible, however, as slightly different 
par,wleters and definitions were used. 

From phenomenological considerations4 drawn from 
both the 1Masurements and the computations a rule was 

n 
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Fig. 5. Measured stacking efficiency in the non- 

repetitive scheme. 
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Fig. 7. Computed stacking efficiency in the non- 

repetitive scheme. 

derived describing the dependence of the stacking 
efficiency on r and n: 

I- r\T1 1 -1. 
dr4) = 11 + 3v,-f:xtr, . L . J 

(i(r) equals the bucket parameter. 

With this rule a good Llpproximntion of the stack- 
ing efficiency is obtained for larger values of n for 
both the repetitive <and non-repetitive stacking sc:leTne. 

The authors wish to thank Dr C. Keil for his 
constant encoxrajiemcnt ~znd :uny helpful disaussicns. 
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