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Abstract

The contribution of coulomb elastic scattering of beam particles on the residual gas to
the beam halo development in a linear accelerator is studied. Starting from the basic
differential cross section formula giving the probability of a particle to scatter at a given
angle, we analyse the behaviour of those few particles which scatter at rather large angles
and we estimate their proportion relative to the beam intensity. We present a transport code
dedicated to the scattering of a beam on the residual gas, which we validate with an
experiment in which the beam is transported in a drift space. We use then our code to
simulate the transport of a beam matched to a uniform focusing channel and we show how the
collisional halo develops. The code is finally used in order to establish the loss rate per meter
in a high intensity linac. This loss rate is compared to the acceptable one.
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1. Introduction

The requirements of very high current linear electron and proton accelerators have
increased considerably over the recent years. Beam losses are a main concern in the design of
such machines. Experimental observations and theoretical predictions have shown the
existence of a low-density halo surrounding the central core of a high-intensity beam. This
halo not only leads to particle loss along the accelerator, but also can induce enough activity in
the structures to complicate the maintenance of the machine. There are many contributions to
the formation of the halo. Several theoretical studies have been undertaken recently to
understand the formation of the halo through the dynamics of particle-beam transport [1][2].
However, up to now, very few attempts have been made to study halo formation via
interactions of beam particles with the residual gasses of the accelerator.

The scattering of particles in the residual gas of a circular accelerator is known to be
crucial for the lifetime of the beam. It is essentially due to the billion kilometres covered by
the beam before its extinction. However, in a linear accelerator, the distance is not so large,
and it often seems reasonable to neglect the scattering effect on the residual gas. Moreover, in
a linear accelerator, the vacuum quality is not as good as in a circular one, especially near the
source where the beam energy is rather low, and the scattering effects can be important. This
is why some physicists have studied the influence of scattering on the beam emittance growth,
and have shown that its contribution is sometimes non-negligible [3]. They have used, in their
studies, a statistical description of the scattering process (including multi-scattering), thereby
neglecting the detailed effect of individual scattered particles on the beam profile.

We have undertaken an experimental study of halo formation and development around
an intense (50 mA), low-energy (500 keV), low-emittance (0.6 mw.mm.mrad, normalized)
proton beam during its transport through a periodically focusing FODO channel [4]. The aim
of this study is to understand the dynamics of an intense charged particle beam submitted to
the interplay of internal, repulsive, space charge forces and externally applied focusing forces
[5]. In order to provide a coherent interpretation of this halo-producing process, it appears
necessary to estimate the amount of halo produced by the scattering of beam particles on the
residual gas, and to subtract it from the measured data.

Analysing the basic scattering process, we show that its effect is not negligible in the
case of our experiment. Then, we validate a simple theoretical and numerical model by an
experiment which consists in measuring over a large dynamic range the transverse profile of a
proton beam at the end of a drift space, for various gas pressures. Using this model, we
simulate the transport of the proton beam under our FODO experimental conditions and
estimate the magnitude of the scattering-induced halo.
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2. The scattering process of a proton beam

2.1. The basic process

We consider, here, the elastic Coulomb scattering of beam particles on the atoms of the
residual gas in an accelerator. The probability of collisions is governed by the well known
Rutherford differential cross section formula [6] :

do 325672 1 (Mcos®+yM’—m?sin’§)’
de E’ sin’ 0 M+/M?2 —m?sin 6

107 6))

where : G is the scattering cross section (in cm?),
0 is the scattering angle from the incident direction (in rad),
z is the incident particle charge number,
7 is the target nucleus charge number,
m is the incident particle mass,
M is the target nucleus mass,
E is the incident particle energy (in MeV).

This formula calls for three comments :

i) - The scattering cross section decreases rapidly with angle (in 8~), which means that
the scattering process has no significant influence on the beam emittance growth [3].
However, the decreasing rate is much smaller than for an exponential or a Gaussian shape,
which is usually used to describe a beam transverse profile. This implies that, from the halo
point of view, a non-negligible number of particles can be scattered at angles greater than the
mean angular dispersion of the beam. These particles, under the influence of the beam
transport laws, may be rapidly kicked out into the halo region and contribute to beam losses.

ii) - Since the cross section varies as E?, the scattering process is very important for
low-energy particles, which is the case in our experiment.

iii) - In most practical applications, the correction term (containing m and M) in formula
(1) is considered as constant and equal to 4. This is justified because, on the one hand, we are
dealing with small scattering angles (<100 mrad), on the other hand, the mass of the incident
particle is lower than that of the target nucleus. For example, with m=1, M=16 (proton
scattering on an oxygen atom), and for a scattering angle of 100 mrad, the correction term is
equal to 3.98 (compared to 4 when 6—0 and M/m—>o). So, for small angle scattering, we can

use the simplified differential cross section formula :

do 13z°7Z° 1 2
— = —-10" 2
de E° o @
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2.2. Application to a proton beam

2.2.1. Scattering angle
Let P be the residual gas pressure (in Pascal) in the accelerator vacuum system. Using

NAP where

the perfect gas formula, the number of particles n (m™) per unit volume is : n =

NA=6.02 10% mol™, is Avogadro's number, R=8.315 J/mol/K is the perfect gas constant and T
is the gas absolute temperature in Kelvin.
The probability per meter (m™) for a particle to scatter in one shot at an angle between 0

and 0+d0 is :
dP(0)=do(0):n R))
This gives for protons (z=1) in a gas at temperature T=300K:

031Z°P de
B e
with P in hPa, E in MeV, 0 and dO in mrad.

dP(8) = “4)

One can notice that, according to equation (4), the probability to scatter at an infinitely
small angle is infinitely large, which is not physically realistic. In fact, this formula applies
only for angles between a minimum angle 0, corresponding to a large impact parameter of
the order of the atom radius (field screening of nucleus by electrons), and a maximum angle
Omax, corresponding to a small impact parameter of the order of the nucleus radius (charge

distribution in the nucleus).
We have [7] @ 0., _n and 0, :iR’ where 7 is Planck's constant, p is the
pa p

31 is the atom radius, with 2g=0.529 10"°m the Bohr

incident particle momentum, a=1.4a¢Z"
radius and R=1.4A"? 10"°m is the nucleus radius. Table 1 gives the values of these extreme

angles for protons of different energies, incident on nitrogen nuclei (Z=7, A=14).

Energy (keV) |p (MeV/c) Omin (nrad) Omax (rad)
10’ 4.33 1180 T
10 13.7 372 T
10° 43.3 118 1.35
10* 137 37 0.43
10° 445 11.5 0.13
10° 1670 3.0 0.034

Table 1 : Scattering limit angles for protons on oxygen
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From equation (4), we calculate the probability, per meter, for a particle to be scattered

in one shot at an angle larger than 0y (Omin < 09 < Opay) :

0 ax 2
¢ 01557°P | 1 1
PO=>6,)= dP(O):—-[———:| 5)
' ej E’ CTIC
In the case where 0,5 >>>0,°, we have :
015572°P 1
P(GZGO):?'Q (0)

2.2.2. The transverse phase space
We examine now the effect of collisions with the residual gas on the transverse profile
of a proton beam. In this section, the beam is assumed to have zero emittance, i.e. all proton

trajectories are parallel to the propagation axis Oz, as shown in Fig.1a. The beam transverse
profile is further observed through its projection on a given axis, say the horizontal axis Ox
(Fig.1b).

Oy
y ex> 90

K
&

D
\%

Ox

—

a) b)

Fig. 1 : Projection of the scattered particle trajectory on the horizontal plane.
a) Spatial view : the particle scatters at an azimuthal angle 0 and a radial angle ¢,
which gives an angle 6, in the horizontal plane and an angle 6, in the vertical plane.
b) Projection in the transverse space : the probability for 6 to be greater than 6 is
represented by the hatched part of the figure.

We consider a particular proton which is scattered in direction 0, the azimuthal angle
(0€[0,m]), and ¢, the radial angle (¢e [-r,t]), with a probability P(0,0) = P1(0).P2(¢), since 0
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and ¢ are independent variables. P1(0) is given by expression (4), P2(¢) is constant within

[-mt,t]. The angle of the proton trajectory, projected onto the horizontal plane xOz is 6. We

can easily see from Fig.1b, that 6x = 0 cos(¢). The particles scattered at an angle 65 > 6

(hatched part of Fig.1b) are those scattered at an azimuthal angle 6 > 0, with a radial angle ¢

such that cos(¢) < 6¢/ 0, which means that -¢' < ¢ < ¢' with cos(¢') = 0,/ 6.

We obtain :
B, /a1
P(O,>0)= | 9" dP®) 44 (7)
max(6,,0,,in) T de
where LA = —arccos(%) is the normalized probability for having 6 > 0, for a given 6.
s
Putting a=0,/6, we have :
2 min(1,8¢/0 )
PO,>0))= 0312—221) 2. arccos(a)da )
E“8, B/Oumax
We define G(u) as :
G(u)= 8J.0u§ -arccos(x)dx = 2[—u\/l —u® +2u” arccos(u) + arcsin(u)] )
s s
we have :
G(1)=1 and G(0)=0
We finally obtain for the probability law :
‘ 391072Z°P
P(B,>0,)= g k(0,) (10)
0
6| 2o |- Do | ire, <0,
9rnin emax
with k(0,)=1{1- G( 990 ) ife,,, <06,<0,,.. (11)
0 ite, . <9,

In the case often encountered where 0.,;,<< 0 (<< Omax, We can use the formula :
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39107°7°P
PO, >0,)="——
0 EZe(Z)

(12)

We have represented, in Fig.2, the variation of P(6,>6,) with 0, for different proton

energy values, in a monoatomic Nitrogen gas (Z=7) at a pressure of 10° hPa. The curves

allow one to calculate the scattering-halo development in an accelerator by knowing the beam

energy and the gas composition and pressure along the transport line.
The multi-scattering and the plural-scattering effects apply only for probabilities greater
than 1 to 10 percent. In most cases considered here, they don't apply, and the model taking

into account single scattering is sufficient [7]. But sometimes, especially for low-energy

protons scattered at small angles, in a high-pressure gas over a long distance, we have to use

the statistic-scattering models.

100

0, (mrad)
0.01 0.1 1 10
1
104
~ 1 Tl
@ ..'-
Aot == . :
=) -~ :
Q - —
) =~ -
= T~ -
101 T~
—E=1keV - S~
|l E =100 keV Probability p_eér meter =~
10'1Q, ---E= 10 MeV I};res.zurel: 10 ;_P’?
. E=1GeV esidual gas : Z= |

Fig. 2 : Probabilities, per meter, for protons of different energies to scatter at an angle
O, greater than 6, in a monatomic Nitrogen gas at the pressure of 10° hPa.
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2.2.3 Beam with small angular spread

In the preceding calculation, we have assumed a beam without angular spread.
Nevertheless, a real beam has an angular spread (even small). A particle trajectory make an
initial non zero slope x'; with the beam propagation axe.

Assuming X'} << 1, and scattering x-

projected angle 6, << 1, the final particle slope

Xf can be written :

’r .
Xp=Xx/+0,. X

3. Experimental observation

3.1. Experimental results

The experimental set-up is schematically presented in Fig. 3. A 500 keV pulsed proton
beam, with 500 pus pulse duration, S0 mA peak current, and 1 Hz repetition rate, is delivered
by a duoplasmatron source. The beam transverse profile of a is limited by a first diaphragm
(¢4), with 4 mm diameter, located at the exit of the source, and a second one (¢9), with 9 mm
diameter, placed downstream 1.3 m from the first one. This diaphragms combination has been
adopted to obtain a beam core with homogenous transverse profile and sharp edges, which
ensures accurate observation of the collisional halo. The collimated beam propagates through
a drift space toward a scintillating screen located downstream 2.8 m from the first diaphragm
(¢4) and observed with an intensified CCD camera. This imaging technique is very powerful
since it allows density distribution measurements over a very large dynamic range [8]. This
scintillating screen is home made. It consists of P47 phosphor crystal powder deposited on a
rectangular stainless steel plate. The gas pressure in the evacuated transport line can be
changed by injecting nitrogen gas at the level of the scintillating screen. The gas pressure is
measured at three locations in the transport line : at the beginning close to the source, in the

middle near diaphragm ¢9, and at the end in the vicinity of the phosphor screen.
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Pressure measurements Residual gas

/E\ /E\ Scintillating /g\

| ! | ! screen \ T
04 diaphrggm

\
axis
Beam
Source enveloppe

L Scattered @

Drift space lenght : L=2.8m narticles Gas injection

D=1.3m

Fig. 3 : Schematic experimental set-up

The beam profile is observed on a wide dynamic range by progressively moving the
phosphor screen toward the beam centre. For each screen position, the light intensification is
adjusted to get an analysable image of the halo, as shown on Fig. 4.

beam COore position

Fig. 4 : Image of the scattering halo with a scintillating screen partly on the path of
the beam.
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The total beam profile is, further, restored using the light intensifier calibration curve.
Beam profiles are presented in Fig. 5 for two different nitrogen-gas pressure sets given in

table 2.
-30 -25 -20 -15 -10 -5 0
‘ ‘ ‘ 1E+0
—
1E-1
¥ 1E-2
X1
% g 1E-3
= 71 -
£ 7/
57
,-f':.
= (a) "high" N> pressure q 1E-4
— (a) Simulation result
B (b)"low" Nzpressure  — 1.5
— (b) Simulation result ]
1E-6

X (mm)

Fig. 5 : Experimental and simulated beam profile in two different nitrogen gas

pressures.

Begining | Middle End
"Low" N, pressure (hPa) | 6.410° | 2.010° | 3.2107
"High" N, pressure (hPa)| 8.510° | 6.010° | 1.1 10

Table2 : The two pressure sets in the experiment
measured at the begining, the middle
and the end of the drift space.

We observe that an increase of the residual gas pressure, by approximately a factor 3 in
the second part of the drift space, induces an increase of the beam halo intensity by the same
factor. Other measurements, not presented here, obtained for 8 different gas pressures exhibit

the same behaviour but more precisely.

3.2. Simulation of the experiment

We have simulated the experiment using the analytical results presented in section 0.
The simulation method is schematically presented in Fig. 6 and described below :

12
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X'/ X'

x/%) (1) filling of
T and P.

(2) Scattering
(folding)

(3) Transport
(Drift space)

Fig. 6 : Schematics relevant to the simulations.
See text for explanations.

A 2D array (called T, with a size of NxM) contains the beam density distribution
digitised in the (x,X') phase space. It is sampled with a step dx in the x direction and a step dx'
in the x' direction. T;; then represents the beam density for x between ((i+1)-N/2)dx and
(1i-N/2)dx and for X' between ((j+1)-M/2)dx' and (j-M/2)dx'. This array is initially filled with a
homogeneous parallelepiped, corresponding approximately to the measurement of the beam
distribution in this (x,x') phase space presented in ref. [4] (See Fig. 6-(1)).

A 1D array (called P, with a 2M size) contains the probability for a particle to scatter at
an angle 6 between i.dx' and (i+1).dx', i being the index in the 1D array. We have
Pi={P(0,>[(i+1)-M].dx'c)-P(6,>[i1-M].dX'.)}dz. The term P() is calculated using formula (10),
dz is the longitudinal processing step length. We note that dx' is the numerical sampling step
in both arrays T and P.

We then simulate the evolution of the beam distribution function. We choose, for that, a
processing step length dz and for each step, we determine :

- The beam scattering, by folding each column of array T (at x=C**) with the array P
(See Fig. 6-(2)),
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- The beam transport, by translating each point of the phase space pattern T along the x

axis of a quantity proportional to the co-ordinate x' (that is x~=x;+x'.dz, x'=x'). This
corresponds to the beam transport in a drift space without space charge effect (See Fig. 6-(3)).

The difficulty of this study arises from the fact that the particles are scattered in the x'
direction of the phase space, and that we want to observe the scattering effect in the x
direction. The coupling between directions x and X' is obtained from the beam transport
parameters.

We have assumed here that the scattering probability in the X' direction is independent
of the initial slope x;' of the particle trajectory. In fact, this is not really true, but in the case of
small x;' and small scattering angles, it is a good assumption to consider the scattering
distribution as being the same as that of a zero divergence particle beam.

The space-charge effect on the beam-size growth is not taken into account in our
simulation code. Thus, in order to compare precisely the experimental and simulation results,
we have multiplied the x axis of the profile obtained from the simulation by a factor k which
has been determined to obtain the same beam-core diameter for experiment and simulation
(k=1.7 in this experiment). The simulation results are also shown in Fig. 5, they have been
established for the pressure conditions of the experiment. However, pressure values at
intermediate positions along the transport line have been determined by linear interpolation
between the three measurements.

Although the space charge effect is roughly considered, the particle motions in the x and
y directions are assumed to be independent, the detailed initial beam emittance and the exact
gas-pressure distribution are not taken into account in our simulation code, the calculated
results are in quite good agreement with the experimental data, especially far from the beam
centre, beyond 1.5 times the beam-core radius. We observe, however, a discrepancy between
the measured and simulated transverse distributions in the halo region close to the beam-core
(between 1 to 1.5 times the beam-core radius). This can be explained by the crude description
of the initial beam emittance in the simulation, which leads to sharper beam edges than for
the experiment. This experimental "nearby" halo, whose shape seems to be independent of the
gas pressure, may be, also, created by space charge effect within the beam. Nevertheless, we
can conclude that our simple model of beam scattering on the residual gas is good enough to
allow predictions on the scattering halo formation in the FODO experiment, or in a high
intensity linear accelerator.

4. Simulation of the FODO experiment

We now consider the simulation of a proton beam transport in our FODO experiment
[4]. To simplify the simulation, the beam is assumed to be transported in a uniform focusing
channel of 10 meters in length. From the scattering point of view, it is nearly equivalent to the
transport in a periodic focusing channel. Moreover, we assume that the proton beam has a
Kapchinsky-Vladimirsky (K-V) distribution [9] in the transverse phase space, which means
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that the emittance ellipse in the (x.X') phase space is homogeneous. In addition, we consider
that the beam is matched in the channel. This means that, in the K-V conditions, each beam
particle moves in a harmonic-oscillator potential well. The other beam properties are: a proton
beam energy of 500 keV, a maximum angular spread x';=+2 mrad, a residual gas of
monoatomic oxygen (Z=8) and a betatron wavelength of 4 m. The transverse beam size is a
parameter which does not influence the simulation results.

The simulation method is nearly the same as that used for the drift space and described
above. The only differences are the following :

- The array T is initially filled with a homogeneous disc, corresponding to the projection
of the beam K-V distribution in the transverse phase space.

- We choose a processing step length, dz, much smaller than the betatron oscillation
wavelength.

- The beam transport, for each step dz, consists in rotating the phase space pattern T of

dz . . . . .
an angle 6 = 2n7. This corresponds to the beam transport in a harmonic oscillator potential

well.
The beam profile obtained at the exit of the channel is represented in Fig. 7, for different
pressure values. We can notice that the collisional halo develops very far away from the core.

r/r,
-4 -3 -2 -1 0

p—
(]
]
=

I I I L
1 T T T T——

—(1)P=10" hPa
1021 —@2)P=10" hPa
—@)P=10" hPa

§ 10+ In 1/t*
1)
S )
3)
10°®

Fig. 7 : Influence of the scattering process on the beam profile
The different curves correspond to different gas pressures.
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S. Discussion about influence of space-charge

When the beam is space-charge driven, 2D phase-space beam distributions are no longer
ellipses, but tend to rectangles. In that case, particle trajectories (iso-hamiltonian curves) are
not ellipses in phase-space, but are curves whose shape depends on the beam distribution
trough the space-charge potential.

When the beam is space-charge dominated, it can be assumed that iso-hamiltonian
curves in (x/xp, X'/x'g) are nearly rectangles [10] (as represented in Fig. 8). In that case, in
order to get the same amplitude, a particle need to be scattered to an angle larger than the one
that would have been necessary with no space-charge force (where ellipses are the iso-
hamiltonian curves).

This situation can be seen an other way: When there are space-charge forces, more
external focusing forces are needed to transport the beam with the same size. In that case, the
confinement potential well is deeper, and the kinetic energy (get by a collision) needed to get
the same amplitude is higher. This will decrease the Residual gas scattering halo.

Trajectories with space-charge X' Trajectories without space-charge

b /]
| e /]

Fig. 8 : Beam shape and particle trajectories around a beam with :
B No space-charge forces (ellipses, in red),
B Space charge forces (quasi-rectangles, in green).
The scattering angle necessary to get an amplitude Xpay is larger
with space-charge than without space charge.

If ko is the external focusing phase advance per meter, and m is the depress-tune factor
of the beam, then :
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x; =Nk, - X,
R is the homogenous-part beam size, and AR is its border size, then :
X, =R+ AR,

If particles outside the beam feel only external forces, we can assumed' that
X0 o X
AR =1 which gives R =x, e xo(l—n).

0 0

Two particles scattering to the same angle X', will not reach the same amplitude
depending on whether we take into account space-charge (Xscmax) Or N0t (Xmay). We have :

XoC max _R+xmax/kO _R+nx X

_ _m). 20
e e T =n+(1-n)—-.

max X max max max

max

The space charge decreases the particle amplitude by a factor between 1 (close to the
core when Xpax = Xo) to M (far from the core when Xya/Xo — o).

The amplitude density is increased because the scattering x-slope range for which
particle have amplitude between x and x+dx is larger with space-charge than without space-

:T]"‘(l—ﬂ)'xxo

max max

d XSCmax

charge. This amplification factor is :

Halo density calculated without space-charge is overestimated the one with space-
charge effects. Curves presented on Fig. 7 must be corrected (see Fig. 9) in order to take into
account space-charge effects by making the transformations :

n(x)
n+(1—n)->;°)_

»x=x-(n+(l—n)‘x—°)

X

() =
(

" The logarithm contribution of the space-charge potential has been neglected.
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Fig. 9 : Space-charge influence on the particle amplitude distribution.

Due to the profile variation in 1/r* far from the core, the beam far-halo density will be
decreased by a factor 1°.

6. Beam losses in a high intensity TRISPAL linac

6.1 TRISPAL Linac
The proton TRISPAL linac [11] is composed of 4 different parts (Fig. 10) :
1- ECR source (SILHI, 100 keV, 40 mA (up to 100 mA) protons),
2- RFQ (from 100 keV to 5 MeV),
3- DTL-CCDTL (from 5 MeV to 100 MeV),
4- CCL (from 100 MeV to 700 MeV).

100 keV. 5 MeV 700 MeV

ECR
Source

The residual gas in the linac will be responsible of halo formation.

Fig. 10 : TRISPAL Linac
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Residual gas scattering is more important at low energy than at high energy, firstly
because of the scattering cross section varying in (kinetic energy)? and secondly because of
the higher gas pressure close to the source.

Nevertheless, because the beam size and normalised emittance are kept constant along
the acceleration, the beam angular spread decreases in 1/p (p being the particule momentum).
In consequence, the scattering angle allowing to reach the halo decreases in 1/p.

In addition, as shown in Table 1, acceptable loss rate decreases with energy.

Energy (MeV) 10 20 50 100 [200 500 1000

Acceptable losses (nA/m) | 200 15 2,5 1 0.2 0,05 0,03

Table 1: Proton losses inducing a 2.8 mrem/hr gamma dose at 1 m from thelinac after
1 hour decay.

6.2 Basic model

Let's modelise the TRISPAL linac with a continuous focusing channel, increasing
smoothly the matched beam energy from 10 MeV to 1 GeV. The beam RMS normalised
emittance is constant along the transport : €,rms = 2,4 10”7 w.mm.mrad. The RMS beam size is

kept constant too : 6x = 3 mm. Linac pipe has a ¢ = 28 mm diameter. Space-charge depress

tune used in this model is ) = 1 (no space-charge forces).

Loss
X/0Oy
Core Of20x
Halo \
Acdelerator
pipe

Fig. 11 : Particle scattering inducing loss

Particle trajectories in (X/Oy, X'/Gy) phase-space are circles. Oy is the rms-beam size in x
direction and oy is the beam rms-slope spread in the same direction. A particle scattering to an

angle x' > X'pax Will be directly lost (after %4 of betatron period) if :
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’ — q)cx'
max 2GX

X

A particle which scatter to an angle x' > some G, will enter the halo.

On Figure 12, have been represented direct losses of a 100 mA beam. They are
compared with acceptable losses given by Table 1. The Nitrogen (Z=7) residual gas pressure
is 107 hPa.
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Fig. 12 : Direct losses in residual gas for TRISPAL linac
Remarks :

- As shown on Fig. 12, losses are proportional to the gas pressure, the square of charge
number, and inversely proportional to the square of angular spread and of pipe diameter.

- Losses in hydrogen gas (Z=1), are 50 time lower than those in Nitrogen. In fact, partial
pressure of all gas, and especially those of heavy gas as rare gas or hydrocarbon has to be
taken into account.

- The gas pressure is not constant over the accelerator. Between vacuum pumps, the gas
pressure can be several time the one at pump position.

- The use of all "with gas" element will induce localised losses.
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6.3 Extension of the basic model
In the basic model, some assumptions have been done. Let's have a look on their
influence.

6.3.1 Space-charge influence

With space-charge (n<1), as seen previously, scattered particles don't have the same
phase advance per meter than those of the core. This increases the maximum angle beyond
which the particle is lost. Direct losses are then reduced by a factor 1/m°.

6.3.2 Periodic transport

In a real linac, the transport channel is not continuous but periodic. The beam size is
then oscillating around a mean value, and get higher value in focusing quadrupoles. In the
basic model, continuous losses have been considered as they are actually localised in
quadrupoles.

6.3.3 Non direct losses
On Fig. 12 have been taken into account direct losses. But a lot of scattering particles
are not lost but enter into the beam halo, and are potential losses (dangerous in case of

mismatch and misalignement).

In TRISPLA linac, at 600 MeV, beam fraction intensity stored from the energy of 10
MeV, with a mean acceleration of 1 MeV/m, in a 107 hPa Nitrogen gas pressure, between 25
mm and 28 mm (close to the pipe) is 1,4 nA, then 30 times acceptable losses per meter at this
energy !!

, | osses , |osses
X'loy / ,

‘ >>\ xloy .

X/oy

|_acceptance

____acceptance

Of centered beam Mismatched beam
Fig. 13 : Basic representation of the effect of some transport errors on beam losses.

In case of misalignement and mismatch, or a change of accelerator acceptance (for
example in matching sections), the beam will undergo localised losses.
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7. Conclusions

In the conditions of our planned FODO experiment, the scattering process of the beam
particles on the residual gas in the evacuated transport line will strongly compete with other
halo-producing phenomena such as the particle-core coupling through transport dynamics.

In a linear accelerator, the scattering process can be very significant, particularly in the
low-energy end and near the source, where the vacuum pressure is generally high. The
transport of this "collisional halo" through the high-energy sections, where its effects may be
serious has to be studied. A mean of eliminating it before it reaches these sections has to be
found.

We notice that the more the angular spread of the beam is, the less important the
scattering effects are. This means that, for a given emittance, it is better to transport a small-
size beam, with large angular spread. This goes in the way of decreasing the tune depress.

Losses can be reduced :

- By decreasing the residual gas pressure and particularly this of heavy gas (losses o<
PZ?),

- by using strong focusing forces (losses < 6,>1°),

- by increasing the pipe diameter (losses o< ¢ ), even if this is not very efficient for this
kind of losses.

- by watching carefully the beam matching and misalignement. The acceptance should
not decrease in order to avoid localised losses.

As a consequence of the huge diffusion at low energy, it seems interesting to clean the

beam at low and medium energies.
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