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Introduction and Summary 

Deuteron acceleration in the CERN 50 MeV Linac has 
been tried out already 13 years ago' followed by pro- 
gra,m,red acceleration in the CPS up to about 100 Me@. 

The construction of a new proton Linac injector 
prompted studies to investigate the feasibility of 
using the old Linac to supply other particles to the 
CPS". As part of this study programme, deuteron acce- 
leration in the CPS was tried again. The tests were 
immediately successfulin that deuterons could readily 
be accelerated, transferred and stacked in the ISR 
where several runs of pd and dd collisions were 
scheduled in 1976. On one occasion alpha particles 
were also successfully accelerated in the CPS to 
40 GeV. 

Acceleration in the Linac 

Theory 

Acceleration of protons in anAlvarez strcturenust 
fulfil the condition that the particles take one cycle 
of the applied RF field to move from one gap to the 
next (7.n mode). Acceleration of deuterons in the same 
mode would require field levels far above what is prac- 
ticable in the CERN Linac, as their heavier mass requi- 
res correspondingly larger forces if they must reach 
the same velocity as protons. In addition, this would 
lead to particles with twice the proton momentum which 
could not be handled by the present PS injection line. 

Consequently deuterons were accelerated with half 
the proton velocity, so that the time taken by a deute- 
ron to move from one accelerating gap to the next is 
twice the RF cycle (4n mode). The corresponding cell 
length is then 2BX instead of BA for protons. This 
mode has also the advantage of producing deuterons with 
almost the same momentum as protons. The mode has how- 
ever a poor efficiency because of the reduced longitu- 
dinal acceptance. 

The average energy gain per cell is given by 

W = eE z L,, ~0s +s T 

in which e is the electron charge, E the longitudi- 
nal field component, L the cell lengt , $s the syn- k 
chronous phase angle, 'p the transit time factor. 

When evaluating the ratio R of effective accele- 
rating voltage for deuterons compared to protons, one 
finds that in order to maintain a transit time factor 
Td = h T , the electric field E" must be shaped (i.e. 
tilted) 'differently for deuterzns than for protons. 

The value of R along the Linac is given below1 . 

To keep R constant at about 0.5, the field at the 
entrance of tank I should be nearly doubled and then 
reduced at the entrance of tanks II and III. As one 
cannot achieve completely the desired field increase 
in tank I, one has to work with a much smaller l'ongitu-, 
dinal acceptance resulting from a less favourable 
stable phase angle. 

Results 

The following table compares the obtained results 
with those of 1964 . 

' 1964 1976 
, 

[Source type ( RF source Duoplasmatron 
iSource current j 100 mA 15b mA I 
'Beam current after column j 60 mA 100 mA 
Linac input current 40 mA 70 mA 
Energy 270 keV 264 keV 
Current after cavity I ~ 7mA 1 

13 mA 
Current after cavity II 7mA 12.5 mA 
Current after cavity III 7mA 12.5 mA 
Current in injection line 12 In.4 
Beam emittance (9Oz) 30 71 mm.mrad 12 n mm.mrad 
Energy spread < +lOO ke' 
Pulse length 10 &Is 1cG us 

I’ 

- 

Discussion 

Considering these figures it seems at first glance 
that a simple increase in the Linac input current pro- 
duced a corresponding output, but a closer look shows 
that an increase of 75% of the input current was obtai- 
ned while keeping the trapping efficiency at about 17.5%. 

T. Sluytersl had already suggested several possi- 
ble improvements : i) increased electrical field at the 
input end of the Linac (larger tilt), ii) smaller emit- 
tance of injected beam, iii) st-anger focusing in the 
first cavity. 

i) The range of the field tuners was indeed increased 
but the trapping increase was fairly modest, pro- 
bably an indication that a large tilt should be 
accompanied by a corresponding readjustment of the 
field flatteners. As this would have required ope- 
ning of the cavity followed by a lengthy recondi- 
tioning, it was not done for the present tests. 

ii) A smaller beam cmittance has been achieved after 
different modifications of the duoplasnatron 
source4. 150 mA is, by no means, the maximum cur- 
rent that one can get, it is a compromise to limit 
space charge effects which are stronger at higher 
currents and maintain a reasonably small emittance. 

iii) A change in focusing gave the largest improvement. 
The CERN 50 MeV Linac has been built with a ++-- 
focusing system, partially because of the lowproton 
injection energy (530 kV), partially because of 
the quadrupole technology of the late 1950's. This 
scheme was kept for deuterons except for the first 
9 quadrupoles which were converted to +- focusing 
yielding a spectacular increase of beam current of 
about 50%. 
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Iniection in the CPS 

Multiturn injection 

As the injected deuteron current was expected to 
be substantially lower than the normal proton current 
(lo-12 mA against 80 mA), one has adopted a multiturn 
injection process which maximizes the PS circulating 
current. The &II accelerating mode in the Linac gives 
deuterons with a momentum about 3.5% lower than the 
corresponding protons, which determines the injection 
field of 142 Gauss (against 147 G for 50 MeV protons). 
Taking an enittance of 10 n mm.mrad for the core of 
the beam (% 75% of the particles) one finds that a 
maximum of 7 turns can be injected in the 100 v hori- 
zontal CPS acceptance. As one turn takes 13 us with 
half the proton velocity, this figure is well matched 
with the Linac pulse length of 100 us. 

This injection mode required the modification of 
the time constant of the injection kickers, so that 
the closed orbit bump would collapse in s 100 IJS rather 
than the normal 20 us (3 turns of 50 MeV protons cor- 
responding to the CPS space charge limit with availa- 
ble Linac beam intensity). 

It was also necessary to halve the voltage of the 
electrostatic inflector. The fields of the other injec 
tion line elements (bending magnets and quadrupoles) 
had to be reduced by 3.5% to compensate the momentum 
change. However it was found necessary to readjust the 
matching parameters as the deuteron beam has a diffe- 
rent phase space aspect ratio compared to a proton 
beam because of the difference in Linac focusing. 

Betatron tunes 

The deuteron beam (3.1012 particles/pulse injec- 
ted) is wellinto the space charge region and the verti- 
cal betatron tune Q, had to be moved to 6.70 (while 
QH = 6.30) to accommodate the large space charge indu- 
ced tune shift. However, the working point must be 
brought to QR = 6.23, QV = 6.31 for the flat top on 
which the harmonic number is changed (see next section). 
The working point is modified dynamically by program- 
ming the set of 40 low energy air core quadrupole . 
The stop bands 2QV = 13, 2QH + Q,, = 19, 20~ + QlI = 19 
and 3QV = 19 are compensated right at the start of the 
acceleration and programmed as well further on. Plever- 
theless, transverse losses do occur as the PS ring 
acceptance is fully filled. 

RF Acceleration 

A 100% increase of the RF system tuning range 
would be required on account of the reduction by a half 
of the particle speed if acceleration was to take place 
in the standard mode. However a frequency scaling scheme 
based on harmonic number switching can be used instead. 
The injected deuterons are trapped with the same RF 
frequency as the protons (2.998 MHz) but this frequency 
corresponds to the harmonic number h = 40 (instead of 
h = 20) as the deuterons rotate with half the proton 
velocity (Bd = 0.16). The beam is accelerated to Bd = 
0.5 which corresponds to the upper frequency limit of 
the RF system (9.55 MHz) in the h = 40 mode. At this 
energy the beam is adiabatically debunched by reduction 
of the RF voltage and left coasting on an intermediate 
magnetic flat top at 515 G. After retuning to half fre- 
quency (4.77 MHz) of the RF system (corresponding to 
h = 20) the beam is adiabatically trapped and accele- 

rated through transition (which occurs at 5360 Gauss 
(against 2680 G for protons), to the standard CPS momen- 
tum (36 GeV/c). Fig.1 shows oscillograms of the relevant ' 
machine parameters. The response time of the RF cavities 
tuning system determines the necessary intermediate flat 
top length of 7, 100 ms (debunching and retrapping need 
only a few synchrotron periods, i.e. l-2 ms). 

As the beam will be further transferred to the ISR 
and stacked, it is desirable to preserve the longitu- 
dinal density. Some dilution is however unavoidable in 
th#e debunching-rebunching process. 

The magnet and RF voltage programmes are adjusted 
to provide an acceptance of 8 mrad at injection and 16 
mrad after the intermediate flat top. 

Some changes have been introduced in the hardware. 

i) The input parameters for the frequency programme 
generator which calculates on-line the frequency 
function 

f=cxh& 

(where C and B are 
constants) 

0 

from the bending field value B, had to be adapted. 

ii) The compensation of the ferrite hysteresis had to 
be modified in the coarse tuning system of the 
RF cavities. 

iii) For the second capture the master oscillator must 
be locked to a precise external frequency standard. 

iv) The phase relationship between phase P.U. and RF 
cavities is different for h = 40 and h = 20 and 
must be changed at the frequency switch-back. 

These changes were tried out and run in with pro- 
tons during relatively short simulation test sessions 
to avoid the lengthy deuteron setting up procedure. For 
this, the proton trapping frequency was set up at 
5.997 MHz corresponding to h = 40 and when the top RF 
frequency was reached at 255 Gauss, one proceeded to 
switch the harmonic number on an intermediate flat top. 
This ensured that deuterons could confidently be acce- 
lerated at the first trial. 

Transfer and Stacking in the ISR 

Problems due to deuterons 

Acceleration of deuterons to the same standard 
momentum for ISR operation (26 GeV/c) as protons, their 
extraction by the PS fast ejection system and their 
transfer to the ISR could be achieved with the normal 
proton settings since all the elements are magnetic. 

In the ISR, for a fixed momentum, the difference 
between protons and deuterons is manifest only in the 
relativistic parameters S and y and the n = y -2 - y -2 

factor. Variation in these quantities will t 
affect : 

i) the revolution frequency fW = E and its deriva- 
tive 

2ri (V is the RF 
r 

0 I 
V sin $s voltage) 

ii) the stacking bucket area : 

A = 6.383 cr(sin bs) v Y (a is the moving bucket 
K 

0 
area reduction factor) 
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must be matched to the area of the bunches to 
optimize the stacking efficiency; 

iii) the relation between measured beam frequencies 
and average radial position and betatron tune 
spread derived by the Schottky scan technique. 

The other parameters such as the beam trajectory, 
closed orbit, working lines, Q values in the stack, 
incoherent Q shift due to the stacked beam remain 
unchanged. 

Stacking of protons and deuterons 

In several of the scheduled runs with deuterons, 
the experiments requested protons to collide with deu- 
terons. The stacking of protons with deuterons in the 
other ring is complicated by a process known as "over- 
lap knockout"; the effect of the longitudinal frequen- 
cies of a bunched beam on the betatron frequencies of 
the stack6. For protons and deuterons, the dipolar 
overlap knock out resonances occur for 

F fp 
where n is the harmonic of the bunched beam 
revolution frequency, 7 is the non-integer 

n=fp-fd part of the betatron tune (P-Q for the TSR) 
and f the particle revolution frequency. 

This equation shows that for the fundamental harmonic 
of the RF systen (h = 30), overlap knock out resonances 
will occur for q < 0.05. The high intensity working 
lines for the ISRhave TH = 0.045 and TV = 0.065 which 
are hence unsuitable for pd collisions. For this reason 
a working line with 3" .38 was used. Even with these 
values, overlap resonances occur at the 5th harmonic 
of the bunch frequency and it was necessary to lengthen 
the bunches at injection to eliminate the higher order 
harmonics of the bunch frequency. 

ISR Acceleration of Deuterons 

The maximum PS momentum being 26 GeV/c, accelera- 
tion to 31.4 GeV/c takes place in the ISR, using the 
phase displacement technique. This involves sweeping 
empty RF buckets through the stack from high to low 
momentum7. Each sweep causes the whole stack to be 
accelerated by an amount proportional to the sum of the 
bucket areas. This area given by 

A = 6.383 cx(sin 4,) GE- 
0 

is different when accelerating deuterons. The required 
frequency range swept by the RF system must also be 
changed for deuteron acceleration. These parameters 
were introduced in the control computer which governs 
the acceleration process. 

Operational Results 

The Linac beam performance has already been dis- 
cussed in section 2. Deuteron currents of lo-12 mA are 
obtained rather rapidly, setting-up from protons to 
deuterons being achieved within two hours. 

With 7 turns 2.5 to 3.1012 deuterons/pulse are 
injected in the CPS but trapping losses being high it 
was found that to stay in a region with less resonance 
lines, optimum results were achieved with a lower 
injection intensity for 1.2 lOI d/p..Some transverse 
losses do occur between injection and the intermediate 
flat top at 515 Gauss but debunching and rebunching can 
be done with a few percent losses. The last critical 

point is when one applies the full rate of rise after 
retrapping. Dilution of the remaining beam fraction is 
however small as the measured high energy longitudinal 
emittance is 9 mrad, so little or no loss is observed 

and one accelerates 4 to 6.1011 d/p. The best perfor- 
mance was 6.7 x 1011 dip. Transverse emittances were 
comparable to proton values for similar intensities 
(EV = 0.95 TI mm.mrad at 20 GeV/c). 

The peak current stacked in the 1S.R was 9,l A in 
ring 1 against 8.5 A in ring 2 yielding at 26.6 GeV/c ' 
a luminosity of 1.6 1030 cm-2 see-1, 40% of the design 
ISR luminosity for protons. Beam intensities at 31.4 
GeV/c were of course lower as a fraction of the beam 
is lost during phase displacement acceleration. Perfor- , 
mance at 31.4 GeVfc were 7 x 4.7 A giving a luminosity 
of 0.56 1030 cm-* set-I. Luminosities of 1.6 1030cm-2s-' 
for protons/deuterons collisions were obtained at both 
26 and 31.4 GeV/c. Fig.2 gives a typical density dis- 
tribution in the ring 1 stack at '26.6 GeV/c (deuterons). 

It is also worthwhile to mention that as a machine 
experiment, 5.5 A of protons and 3.3 A of deuterons 
were stacked in the same ring and in the same physical 
space by occupying different positions in the longitu- 
dinal phase plane. These beams were later separated by 
selectively acceleratingby phase displacement only 
the deuterons . 

Alpha Particle Acceleration 

Alpha particles have been accelerated by first 
setting up and tuning the Linac for deuterons. The ion 
source is then fed with Helium. Normal settings of the 
source will produce a beam of He+ whfch is not accepted 
by the first Linac cavity. By lowering the Helium pres- 
sure and increasing the source arc current by almost a 
factor two (up to 120 A) and by optimizing the other 
parameters, one achieves about 20% of He2+ at the 
expense of a reduced total beam. The Linac stays adjus- 
ted as for deuterons except for some changes in the 
quadrupoles current near the beginning of the first 
cavity because of the reduced total current. and the pre- 
sence of the He+ beam. At the Linac output, the intensity 
of the alpha particle beam is 2 mA. 

In the PS the main difficulty comes from the low 
intensity which is in the lOlo particle/pulse range. 
One is close to the sensitivity limit of the beam con- 
trol system and adjustments are rather delicate. Inten- 
sities of about 2-3 x 10" particles/pulse have been 
reached and accelerated on one occasion to a total 
energy of 40 GeV (10 GeV/nucleon). 

Future Prospects 

The results given above demonstrate clearly that 
particles with e/m = 4 the proton value can be rather 
easily accelerated and stacked in the CERN machines, 
For ions heavier than alpha, the problem is essentially 
one of having a suitable ion source. One is therefore 
developing an electron-beam ion source capable of 
giving fully stripped light ionsR. Modifications to the 
first Linac tank to allow acceleration of partially 
stripped ions are also investigatedq. 

As source intensity is a limitation for ions other 
than deuterium, the efficiency of the Linac is crucial. 
It is clear that a better tilt shape (by using the 
field flatteners) and stronger focusing in the first 
cavity would substantially improve the situation. 
Another improvement possibility is to modify the 

1559 



acccleratin+ column for runr.ing at half the normal 
voit.age . That means reducing the accelerating gap and 
increasing the voltage gradient in order to extract 
larger currents with a smaller emittance from the ion 
scurce. This reqcires giving up proton acceleration 
and could only be envisaged after successf,Jl commis- 
sioning of tile new Linnc if one abandons the back-up 
facility offered by the old Linac. d more interesting 
way however to a high intensity alpha ?articLes beam 
would be to run the column at 530 keV with He+ ions 
and strip a~ that energy. The emergingbeam then con- 
tains 30-402 of He ?' lo and has obviously the desired 
aner::y (equivalent to He'+ accelerated to 265 keV). 

The expected intensities for ions heavier than 
Helium 3 would lead to unacceptably low luminosities 
for ion/ion collisions in the TSR but light ions phy- 
sics would be very attractive in the SPS 11 and the 
necessary acceleration procedure has already been 
investigated'". 
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a) Wide-band pick-up station signal gap in signal 
waveform corresponds to coasting beam during harmo- 
nic number switching 

-- 
100 msldiv. 

c) Accelerating frequency programme 

Fig. 1 : Deuteron Acceleration Signals 
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Fig. 2 : Profile of 26.6 GeVjc ISR deuteron stack 
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