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RF Empty Bucket Channelling Combined with a Betatron
Core to Improve Slow Extraction in Medical Synchrotrons

M. Crescenti

ABSTRACT

The uniformity of a slow-extracted beam from a synchrotron is degraded by ripples
from the power converters of the magnetic elements. This effect can be reduced by
making the beam particles cross more quickly from the stable to the unstable region.
Among the various methods that have been proposed for this purpose, RF bucket
channelling seems to be a good candidate for compensating low frequency ripples in
spills of the order of one second. The method is based on the technique of RF phase
displacement acceleration. In the configuration studied, a coasting beam is accelerated
slowly into a third-order resonance by a betatron core. The acceleration rate set by the
betatron core determines the spill length. Empty buckets are then created at the
resonance frequency and adjusted with a phase angle that would decelerate any
trapped beam by an equal and opposite amount. The main RF system can be used for
this purpose.

The empty buckets cause an obstruction in phase space and the beam particles are
forced to channel around the buckets. The particle speed is thus increased as the
particle crosses into the resonance region, making the extraction less sensitive to
ripple. The energy at which the particles enter in the unstable region is not fixed, but
depends on their momentum and betatron amplitude. An improvement factor is
obtained for all momenta and betatron amplitudes, provided that the bucket is properly
positioned and that its half height is greater than the energy spread engaged in the
resonance. The existing theory is extended to show that particles entering at different
energies get different improvement factors, and how the improvement in the spill
depends on the frequency and amplitude of the ripple.

1 M. Crescenti is a member of the TERA Foundation and an Unpaid Associate of the PPE Division,
CERN, currently working on the Proton-lon Medical Machine Study (PIMMS) hosted by the PS
Division, CERN.
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1. INTRODUCTION

Resonant slow extraction was first proposed by H. Hereward [1] and is often used to

obtain long spills. The basic scheme for extraction is described with the help of the

Steinbach diagram in Figure 1. Sextupoles create a region of instability in the phase
plane. A particle that enters this region is trapped in the resonance, rapidly increases its
betatron amplitude, until it passes through an electrostatic septum (ES), where it

receives a kick and is ejected.

During the spill, the borders of the resonance region are not well defined, due to

ripples in the power supplies of the magnetic elements. The resonance line move as
well as the position of the waiting stack, and this results in a modulation of the spill.
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Figure 1. The Steinbach diagram for the extraction scheme
(the black arrows show the relative movements of the resonance
and the stack).

The spillS(t)can be written as:

_ON_aN 60

whereN is the number of particles aQithe horizontal tune. The tune change can be
expressed as the sum of two compone@s,the constant component arg the

component due to unwanted ripple, so that:

dQ 2=0,+Q, -6, Q) 0

Qo
Extraction can be performed by either accelerating the stack into the resonance, or by
displacing the resonance so as to progressively ‘eat’ the stack. RF bucket channelling
can be used in both cases, but in the following, the first possibility will be considered,



since this is the solution adopted for the Proton lon Medical Machine Study (PIMMS)

at CERN. An induction accelerator, a betatron core, is used to provide the
acceleration. This high inductance device is well suited to deliver a very smdbth sp
and, since the energy stored is high, it has the feature to respond slowly to transients
that could give unintentional beam spikes to the patient (see reference [2]).

For a uniform spilS(), the product ofdN/dQ anddQ/dt must be kept constant. The
form of the stack determinedN/dQ, but this can be controlled by feedback on the
acceleration rate from the betatron core.

Unfortunately,dQ/dtis affected strongly at all frequencies @y . The purpose of the

empty bucket channelling is to reduce the effect of this contribution.

In general, if the spill time is fixed, the best is to have the largest possible momentum
spread, since this reduces the time needed to cross the resonance boundary, which is
the point at which the ripple disturbs the spill quality.

The contribution ofQ, can be reduced, ﬁ}o is increasedQO can not be changed for

the whole stack since it is fixed by the spill time, but it can be increased in particular
phase space regions, if the density of the parta¢dQin those regions is decreased
accordingly, so as to keep a consté(t) (see (1)). The scheme shown in Figure 2 has
a region of high speed, low density created close to the resonance.
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Figure 2. Scheme with the creation of a high speed low density region
close to the resonance.

2 PIMMS is the Proton lon Medical Machine Study. This study is being hosted by the CERN PS
Division and it is within the framework of this study that the present work has been carried out.



The parameter that indicates the quality of the extracted spill is the duty factor given

by:
E S(t)dtg
F= e O and after the substitution of (2):
Ts ill SZ (t)dt
)
F= 1 for & <l

‘ Q
1+ 102 ’
2 0
The improvement in duty factor is given by an increas@oimy a factorK. Since the
increase irQ'O is given by an increase in the local acceleration, the Qa‘-ﬁman be re-

r

expressed to givefL, is the “acceleration” due to ripple):

F= 3)

2. THE METHOD
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Figure 3. Particle channelling between buckets (arrow), case of a decelerating
bucket below transition, or accelerating bucket above transitigr0f. E
is the total energy, &=0 is the energy at which the empty bucket is
positioned, and/24Esucketis the bucket half height. In the case E =sE
(i.e. 4E = 0), the bucket limits in phase agew and ¢, and the channel
width isA¢ = ¢-¢n).



An empty bucket is created at the resonance frequency corresponding to the resonance
energyE.s The hardware should be set in order to keep the bucket frequency ‘fixed’

at the resonance frequency for the whole spill time. At the starting time the beam is out
of the resonance. The flux of the extracted particles is set by the acceleration
impressed by the betatron core.

In the longitudinal phase plane, the particles turn around the bucket, ideally without
entering it. This is similar to what happens wiaegelerating a stack by the RF phase
displacement method [3], except that the stack moves and the bucket remains fixed. At
resonance energy, the particles are swept between the buckets in the small phase
interval A¢ limited by the bucket separatrices. In this charai€/dQis reduced, and
dQ/dtincreased. In other words, the empty bucket creates a ‘bottle neck’ in the phase

space, through which the particles are swept with increased vetd@jtysee Figure 3.

3. CALCULATION OF THE AVERAGE MULTIPLYING FACTOR K

SincedQ/dtis proportional tadp/dt anddp/dtis proportional tadE/dt, it is sufficient

to calculate the improvement @E/dtwhen particles cross the resonance energy.

Using the Hamiltonian formalism (see reference [4]), the motion in the longitudinal
phase plane can be described in terms of two first order differential equations in the
conjugate variablestE/hwo , Ag= g—ps):

UAE O
did—0
[thD qV
(sm(p sing ) (4.1)
dt
d¢-a) o2 N HAELD
dt N 57 Hig O (4.2)

whereq is the chargegy is the revolution frequency, is the RF voltages=v/c is the

particle normalised velocity) is the harmonic number=1/y >-1/»? is the phase slip

factor, y is the relativistic mass factoy, the y at transitionE is the total energyy is

the phase of the arbitrary particle and corresponds to the phase of the RF voltage, and
‘s’ refers to the synchronous particle.

The corresponding HattonianH is:

1n

H =
2 B’E

S (0E) + 2 (sina (- )+ cow.- cop) . (5)

In the hypothesis that the acceleration is smooth and continuous over one turn, we
have (the bucket is empty, but the outside particles are still affected):

dE _qV

priiee [dy, [(sing- sing, ). (6)

A particle that crosses the resonance wper0 is not affected by the RF voltage. Its
energy will vary by:



d_E) _qVv
(dt 0— o @, - Sing,, (7)

which is exactly equal to theE/dt given by the betatron core. Other particles will be
affected in different ways depending on their arbitrary phase and energy. On average:

i b

AV

- @, - (Sing — sing, d¢

¢ and ¢, are the minimum and maximum phases of the channel (see Figure 3 in the
caseAE = 0). The average multiplying factor is given by:

(&)
dt/ v

T " ¢) I(sm¢ sing, Yi¢ ®)
(.
which gives:
K = A@+ cosp, —cosp _ 1 4 COSp, —cosp, )
MAp MAg

whereI'=sings and A¢=¢-¢1. Intuitively, it can be seen that the more the bucket
obstructs the available phase space, the faster the particles must move. Thus, the closer
the bucket becomes to a stationary bucket the greater the particle velocity
enhancement. This is the reason to study, in the following, quasi-stationary buckets.

4.  AVERAGE MULTIPLYING FACTOR IN THE CASE AE =E-Ees=0

In the caselE = 0, K can be calculated for all the different cases sketched in Figure 4.
Table 1 gives the needed values for all the variables involved.

Below transition Above transition
#~0 ([C=singy) Accelerating Decelerating Accelerating Decelerating
bucketgsso bucketgs<o bucketg@s<o bucketgs-o
AP = g $-(pu-27) (h+27)-¢y $-(pu-27) (p+27)-¢y
COSps 1_|'A 1_|'A 1_I'A 1_I'A
) ~-n 7= 7= ~-n
du 7-Ps ~7 ~7 7-Ps
cosp 1@ -COSfs -COSfs 1@
cospy -COSps P ALk e - -COSps
2 2
Table 1. Some useful bucket parametersg¢assh, and cog, are given by the

Taylor series expansions.
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particle rotation is counter clockwise particle rotation is clockwise
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Figure 4. Possible cases for RF bucket channellfags the synchronous phase
andAg¢ is the width of the channel faE=0.



Making use of the bucket relation [5]:
@ sin@ + cosp = @, Sinp, + Ccog, (10)

and finding from Table 1 the values corresponding to the different cases, from equation
(8) in any case we find the result:

%@ __qwm D27'[E‘:;in(pS
dtO, 2m ° Ag

and for the average multiplying factor:

B
_UdtY,,  2m 2m

- %é " Mg~ 27~ bucketwidth
dt

The formula has an easy geometrical interpretation: in theAtase0, K is given by
the ratio between the whole phase segriebt and segment containing the allowed
phases. In the hypothesis (usually true) thak< 2z, using (10) and Table 1 the
channel width becomes:

(4E = 0).

Ap=q@ -q +2n= 2yl
and the multiplying factor:

K=2T_ |1 AE = 0) (11)
S Ap T (4E =0).

This agrees with the particular case given in reference [6] for the CERN/PS
synchrotron, where an empty bucket is created above transition.

5.  LINK BETWEEN THE RF VOLTAGE AND THE STABLE PHASE

The parameters of the RF bucket are determined by considering a fictitious particle

trapped in the bucket at the synchronous phase. The RF frequency will be the

revolution frequency (or harmonics) in order to keep the particle energy constant at

the synchronous phase (in this cdBédt = 0).

The energy losses or gains in the bucket will be those needed to compensate the
changes that take place in the machine (in this case the energy gain in the betatron),
ie.:

=H  =-HEf |
Ddt Qavity Ddt I])etatron core



which can be written as [7]:

V| = 2[R ((ip) (12)

where R is the mean radius of the orbBp is the beam rigidity, and all other
parameters as before. The link with the beam momeptisrgiven by [8]:

=0~ _mp (13)

where Zq is the charge of the particléy its atomic mass numbep, is the beam
momentum and is the velocity of the light. The combination of (12) with (13) gives:

|r|:ﬁ92"%09559d— (14)

p
Zq VvV dt

thus the RF voltage is proportional to the energy change in the core and inversely
proportional tol” = sings. In order to have a high multiplying factor, one should keep
the RF voltage high in order to have a ldy since this shrinks the width of the
channel. The limit will be fixed by the maximum RF voltage achievable.

6. EFFECT DUE TO DIFFERENT BETATRON AMPLITUDES

It can be seen directly from Figure 1 that the resonance energy of the particles depends
on their betatron amplitude, the higher the betatron amplitude the lower the resonance
energy, and vice versa. Qualitatively we can state that in order to obtain a high
multiplying factor for all the particles, two conditions have to be fulfilled. One on the
bucket height and the other on the bucket position.

The first condition says that the beam energy spread engaged into the resonance has to
be smaller than the bucket half height, i.e.:

AE [AE (15)

bucket

N~

<
spreadf resonance

Since the height of the RF bucket is given by:

qELV

hrip|

whereY(@,) = \/sin @.(2¢, £ M) + 2cosp, , where the ‘+’ sign is valid wheg > 0.

1
EAEbucket = B |y((ps) O

This condition imposes a constraint on the RF voltage:



ERNE
B* [Y(@)]® ¢E

V > I]AEspreatbf resonancg ? (16)

The second condition relates the position of the bucket to the resonance energy. In
order to have a positive improvement for all the betatron amplitudes, one should
position the bucket as shown in Figure 5. This is the case of a stack starting from
energies lower than the resonance energy.

I “E
Resonance line
for lowbetatron
amplitudes
Amplitude

A \// \ //

\ Resonance line

V\\ for highbeatron
Sense of stack amplitudes
acceleation

PHASE

Figure 5. Position of the bucket with respect to the resonance region (in the
case of PIMMS).

7. AVERAGE MULTIPLYING FACTOR IN THE GENERAL CASE

For the general case it is necessary to solve equation (9), with valyesaod ¢,
depending on the value &fE (see Figure 5). Only 0 AE < AEpu«ef2, Will be
considered here, where the conditions of chapter 5 are fulfilled.

It is useful to calculate the Hamiltoniakk andH, corresponding t@ and ¢,, the
phase limits of the channel. The Hamiltoni&h corresponds to the ‘internal
separatrix, and the Hamiltoni&i to the ‘external’ separatrix. From equation (5), and

equation (10) (that linkg, and ¢, in the caselE=0), H, andH; for the accelerating
bucket are found to be:

qVv . qVv .
H, = o [{(2cosp, + (2@, — ) sinp, ) H, = %HZCO% + (20, + 1) Sing, )

For the decelerating buckidt become4H, and vice versa.

¢ (¢2) Is the root of the equation:
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1 n , ZqV _ .
H,, ————AE- ————[(sin - @)+ Ccosp.— co 0 17
1275 g oh [{sin@ (¢, — @) + cosp, ® F (17)
AE
for 0<AE < "2“““
AE [ I I I I
\J A(AE) 1)
YoAE bucket [~ / —~
AE,
0 ________
-YoAE bucket H, =
| | | | | | |
—4 -2 0 2 4 2T

2n

PHASE

Figure 6. Position and parameters of the channel for a gentat AE, = 0.
H, is the Hamiltonian corresponding to the ‘internal’ separatri, is
the Hamiltonian corresponding to the ‘external’ separatrix.

The solution of equation(s) (17) can be found numerically to give the value of the
general multiplying factoK in function ofAE.

cosp, (AE)] — coslp, (AE)]

K(AE) =1+
I o, (AE) - ¢, (AE)]

8. DEPENDENCE OF THE AVERAGE MULTIPLYING FACTOR ON THE
RIPPLE

In the hypothesis of a smooth and continuous momentum increase during extraction,
we have:

Dy = — (18)
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where po is the momentum of the particle (without ripplelp/p is the momentum
spread at extraction energy is the spill time in seconds.
The ripple contribution to the momentum at the frequemcgan be written as:

pr ((A)) = prO + anin(A)t (19)
where py is the constant component, apd is the modulated component of the

amplitude of the ripple at the particular frequency considered.
By defining:

a, = - (pro << po)

p, becomes:
P, (w) = wp,, coswt = wa, p, cosut.

The total momentum derivative during extraction is therefore:

Ap
o Epo

P=R*h(w= . p, COSu . (20)

spill

In the general case (04AE < AE,«ef2) the average multiplying factor is given by (9).
Inserting in (9) the results of (14) and (20) gives the new multiplying factor (for

simplicity p, (w) = p ):

K(AE,¢) =1+ coSh, ~COH

9
Acot\lz%az’f&dénoo v, +wa, cos)

Ap 1
where:v, = =S .
spill

The duty factor is given by (3), inserting the new valuetor

1
o1 P,
20K 2(AE,w) Hp,

In the casedE = 0, we find a new expression f&. let K, be the average improving
factor coming from (11). Inserting in (11) the results of (14) and (20) gives:

F(AE,w) =
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K(O,w) = EE‘LQG\LE'L LZKO 1‘# . (21)
A 2110 R p, \ B+ Po t P

The duty factor can be written as:

1
1+1[§A+Pf%%7pf' é
2 pO KO pO
It is also interesting to know the minimukh and hence the poorest value to be

expected forF. The minimumK and F are calculated fordlE = 0 and for p,
maximum, and are given by:

FOw)=

% F_(0,w)= 1 _
P 2 igw 1+ wa Hiea,
P Topi 2 V, KV,

One sees that the multiplying factor decreases if the frequency of the ripple increases,
or if the spill time increases. As an example, the multiplying factor fd:0@26
modulation (i.e.p, = p,) from (21) leads to:

Kmin (0160) = KO 1_

Ko

V2

Kmin (01 (,0) =

9. EFFECT DUE TO THE TRANSIT TIME INTO THE RESONANCE

Once in the resonance, the particles stay inside the machine for a certain time before
they are extracted. This time is called transit time in the resonance and depends on the
initial betatron amplitude of the particle. It is on average higher for particles with low
betatron amplitudes [9]. During this time, the RF varies the energy of all the particles
following hamiltonian trajectories and they are extracted at an energy different from
the one at which they entered into the resonance. If this time is too long, some of the
particles can cross back out of the resonance region and remain in the machine.

To analyse this behaviour, it is necessary to consider the particle motion outside the
separatrix, when the motion is no longer oscillatory. From equation (4.1):

n
B°E

d@ = —a,h—,—AE (&t (23)

whereAE is found from equation (5):

_ |2B’E _qv
AE = /—n H 2nhu(q)) (24)
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1
with: O0<AE < EAEbucket and U(g) =sin@ (@, — @)+ cosp,— cop
After substitution (23):

dt=-F g Ep_1

and integration:

E*/i EI o (25)

H - q E(SImps E((ﬂ @.)+ cosp, - cos)

whereH is the Hamiltonian associated with the particle Bnsl the total energy of the
particle. The integration has to start at the phase at which the particle crosses the
resonance line, and ends at the phase of the re-crossing.

AE

¥ AE bucket

AE,

¥ AE bucket

PHASE

Figure 7. High betatron amplitude particles crossing into and then back out
of the resonance (errors).

These integration limits are found solving equation (24) numericallyBor AE,, and

H = H, where4E,; is the height of the resonance line for an arbitrary particle (see
Figures 5 and 7), anHl, its Hamiltonian, which has two solutions in the interval
- <@<r. From the value of one can estimate the number of turns needed for the
particle to re-cross (for the first time) the resonance.



14

In practice, this method gives an absolute minimum number of turns for the particle to
cross back out of the resonance (the case of quasi-zero resonance excitation). While
the particle is in the resonance its betatron amplitude grows and the resonance region
expands downwards in Figure 5. The finite transit time into the resonance has no effect
on the ripple, but can give a variation of the momentum spread of the extracted beam.

10. TYPICAL PARAMETERS FOR MEDICAL SLOW EXTRACTION

In the studied extraction scheme, the beam is prepared in a coasting stack outside the
resonance region, with a suited momentum spread and then slowly accelerated into the
resonance. The horizontal tune (i.e. the energy of the resonance) is kept constant and
the stack is accelerated by a betatron core. In this way, the momentum spread of the
beam delivered is small, because ifnsted to the momentum spread engaged into the
resonance and not influenced by the momentum spread in the stack. All the parameters
of the lattice elements are also kept constant.

The list given follows the parameters chosen in PIMMS study, but the maximum
energies considered are just indicative, since they can change depending on medical
requests. The RF voltage satisfies the need to have a bucket half height bigger than the
energy spread engaged.

Parameters of the machine:

Type of particle protons fou
Energy [MeV/u] 300 425

7 1.89 1.89

¥ 1.32 1.456
B 0.653 0.727
n 0.294 0.192
Circumference [m] 75 75
Revolution time |is] 0.3831 0.3439

Parameters of the stack:

Beam rigidityBp [Tm] 2.695 6.578
Flux variation [Weber] 0.809 1.974
Ap/p momentum spread 4% 4%o
Ap/p momentum spread engaged into the resonance 1%o 1%o
AT energy spread engaged into the resonance [MeV] 0.5273 8.602

Parameters of the empty bucket (decelerating bucket below transition):

RF Voltage [kV] 4 4

Harmonic number h 1 1

Spill time [s] 0.5 1

Number of turns needed for extraction 1.305E6 2.908E6
I'=sings -4.043E-4 -4.933E-4
Bucket half heightfeV] 2.135 26.18
Hamiltonian of internal separatrbt; 1272 7634
Hamiltonian of external separatii 1274 7645
Multiplying factor Ky (4E=0, no ripple) 88.131 79.77

Minimum number of turns to cross-back the resonance 1100 >5000
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Figure 8. PROTONS 300MeV, Multiplying factor K verd#sfor @ = 0 (PIMMS
values).

The horizontal line corresponds to the value of KA&r= 0. Dependence
on the ripple frequency and amplitude is not taken into accaurt Q).
The curve has a maximum inside #irange. At the extremes, (i.e. foF

= 0 andAE = AEnuckel2), the value given by equation (11) is still obtained.

2000
K(AE)

1000

K (0)= 79.77

""" I ] A A

0
0
AE Yo AEbucket

Figure 9. 425 MeV/u CARBON IONS,C, Multiplying factor K versusiE for @ = 0
(PIMMS values).

The horizontal line corresponds to the value of KA&r= 0. Dependence
from the ripple frequency and amplitude is not taken into accaeant @).
The curve has a maximum inside ##range. At the extremes, (i.e. foF

= 0 andAE = AEnuckel2), the value given by equation (11) is still obtained.
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Figure 10. PROTONS 300 MeV: K versughe ripple frequency.
(PIMMS values, witl (@) = pr/po= 10 taken arbitrarily).
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Figure 11. PROTONS 300MeV: improved duty factor vegsubke ripple
frequency.
(PIMMS values, with:(w)=p; /po=10"* taken arbitrarily).
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Figure 12. CARBON IONS 425MeV/u: multiplying factor K as functian, of
the ripple frequency.
(PIMMS values, witlx (w) = p;/po= 10" taken arbitrarily).
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Figure 13. CARBON IONS 425MeV/u: improved duty factor vevstise

ripple frequency.
(PIMMS values, witlx (w) = p;/po= 10" taken arbitrarily).
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CONCLUSION

RF empty bucket channelling increases the spill quality during slow extraction by
increasing thelp/dtat the resonance crossing.

The improvement is not constant for all the particles, but depends on their betatron
amplitude. Furthermore, it depends on the amplitude and the frequency of the ripple.
The method becomes less effective as the frequency increases.

The bucket half height should be higher than the energy spread engaged in the
resonance, which sets a minimum value needed for the RF voltage. The bucket should
be properly positioned with respect to the resonance region. The RF voltage value will
depend on the machine, on the hardware at disposition, and on beam parameters. The
empty bucket must always give the same and opposite acceleration rate as that given
by the betatron core.

Another characteristic of the method is due to the fact that the particles are extracted
in a small interval of 02 This results in a modulation of the spill at the harmonics of
the RF frequency (few MHz). In the case of medical machines, the degradation of the
spill quality at frequencies above 10 kHz is of no conceznalise modulation coming

from higher frequencies is averaged by the slow extraction process, the physical spot
size and the integration time in the on-line dosimetry system [10].

ACKNOWLEDGEMENTS

The author would like to thank members of the PIMMS Study Group and some
members of the CERN PS Division: C. Steinbach, W. Pirkl and R. Cappi for
suggestions and useful discussions. A particular mention is deserved to P. Bryant, head
of PIMMS Study Group, who in addition revised the manuscript giving valuable
advice.



[1]
[2]
[3]
[4]
[5]
[6]

[7]
[8]
[9]

[10]

21

REFERENCES

H. G. Hereward, Proceedings of the International Conference on High Energy
Accelerators, Dubna, 1963.

L. Badano and S. Rossi, Characteristics of a Betatron Core for Extraction in a
Proton-lon Medical Synchrotron, CERN/PS 97-19 (DI).

E. Ciapala, Stacking and Phase Displacement Acceleration, Proceedings of CAS
Paris, CERN 85-19 Vol.1 pp. 195-225.

W. Pirkl, Longitudinal Beam Dynamics, Proceedings of CAS Rhodes, CERN 95-
06 Vol. 1 pp. 233-257.

J. Le Duff, Longitudinal Beam Dynamics in Circular Accelerators, Proceedings
of CAS Paris, CERN 85-19, Vol.1 p.137.

R. Cappi and C. Steinbach, Low Frequency Duty Factor Improvement for the
CERN PS Slow Extraction Using RF Phase Displacement Techniques, 1981
Particle Accelerator Conference, Washington, March 11-13, 1981.

C. Bovet, R. Gouiran, I. Gumowski, K.H. Reich, A Selection of Formulae and
Data Useful for the Design of A.G. Synchrotrons, CERN/MPS-SI/Int. DL/70/4.

D. Carey, The Optics of Charged Particle Beams, Harwood Academic Publishers
1987, p.3.

M. Pullia, Transit Time for Third-Order Resonance Extraction, CERN/PS 96-36
(DD).

U. Amaldi and M. Silari (ed.), The TERA Project and The Centre for
Oncological Hadrontherapy, Frascati INFN Publisher, Second Edition Vol. 2
Chap. 7, (1995).



