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Conversion of an electron beam to a positron beam is obtained at
the end of the first four accelerating guides of Frascati linac, using an
electron current of 200 mA peak, at 85 MeV, having a pulse width of
4 psec and a repetition rate variable between 3 and 250 pps.

Two different fixed targets have been designed : a high average po
wer target used to produce a high duty cycle, 4 pseec, 250 pps, positron
beam for nuclear physics experiments, and a high positron production
efficiency, low average power target, used for injection of positrons in
to the storage ring, Adone, when a beam repetition rate of only 3 pps is
allowed, but a high positron yield is required, to reduce the ring filling
time,

1, - HIGH DUTY CYCLE TARGET,. -

The high duty cycle target is made of a cylinder of OFHC copper,
13 mm thick. This is a little less than one radiation length, 13.4 mm,
due to space limitation in the present optical system which has already
performed very satisfactorily, Besides, according to the Crawford and
Messel tables(l), the highest positron yield at low energies, lower than
20 MeV, with a primary electron energy between 50 and 100 MeV, should
occur for a target thickness between 0,5 and 1 r, 1,

Circumferential fins are accommodated on the cylinder to obtain
sufficient heat transmission surface to the cooling water (see Fig, 1),
Electron beam diameter on the target has to be limited to a minimum of
2 mm, to avoid damaging the target under pulse thermal stresses,

1.1, -Conversion efficiency. -

Let us compare the efficiencies of targets made of copper and
tungsten, the two materials that, as we will see later, are the best



choice to solve our problems,

Haissinsky(z) computed, using the Crawford and Messel tables,
the radial dependence of the emittance for the positrons emitted from
the target (fig. 2 of the ref, above) under the following assumptions :
point like primary electron beam, target thickness corresponding to the
maximum positron yield at the electron energy considered, between 200
and 1000 MeV, positron energy between 10 and 20 MeV, target thickness
between 1.5 and 3 r.1. The curve on fig. 2 of the cited report shows
that 50% of the positrons are emitted within a radius of 0.16 r.1. and
75% within a radius of 0,32 r. 1,

The positron matching and focusing system of the Frascati linac
has already been described in detaill3, 4% Briefly, it is made of a short
intehse solenoidal magnetic field, By, acting as a matching lens, follo-
wed by a long solenoidal field, B,, all along the high energy accedera-
ting guides, with the target immersed in the field By,

The positron source density does not depend, at first approxima-
tion, on the source size, It can be expressed as 5).
dn

= v —————— + b 9
(1) n, = JE40 (e” /ster x MeV) ,

with n_ = const for angles smaller than 0.2 rad and energies in the.
order of few tens MeV,

Considering the geometrical acceptance of the system, the posi-
tron current accelerated to the end of the linac, over the entire energy
spectrum, can be evaluated as:

{2) I, = ng AEQ
with
2 2 eBy, | B
(3) sEQ = & B 2 2 2 B
2 Lm o mgc B1 o
where :
L., length of the matching lens, about 6,5 c¢m;
R iris useful radius in the accelerating guides;
p source radius,

Amman(5) obtained this equation integrating over a band of ener-
gies from 0.5E, to co where E. is the positron emission energy for
which the matching system is designed, corresponding to the value of
the field Bjq.

As L, cannot be modified in our case, we see that, increasing p,
if one keeps Bg constant, which is certainly convenient, and By con-
stant, the accelerated current decreases with p. Decreasing Bl, one



can compensate for part of this, accounting for the fact that the center
energy E. will decrease and the energy spectrum of the positron beam
will broaden due to larger dephasing of the particles in the lens and to

bunching problems in the first high energy guide,

In the case of tungsten and copper, for which the radiation lengths
are:

X 13.4 mm copper

Xy = 3.6 mm tungsten

the 75% radii: p = 0,32 Xy, are:

= ‘,- =115 .
P oy 4.3 mm ; P w mm
keeping Bl’ B2 constant, which should be the worst case, we would have
the efficiency reduced by a factor 3. 75.

Decreasing By should help and, in effect, measurements taken us-
ing test targets made by tungsten and copper, installed on the Frascati
linac, have shown the reduction factor to be between 2, 2 and 2. 5(6).

Other materials than copper could give a better efficiency but the
choice of copper has been dictated by its good:.thermal properties as
reported later,

1.2,- Thermal behaviour. -

To evaluate the thermal behaviour of the targets, we will consider
the volume of material interested by the beam produced electromagnetic
shower. The incident electron beam has generally a distribution at cy-
lindrical symmetry around the beam centerline and we will designate
with py ;'the 75% radius, i.e., 75% of the beam current flows through a
circle of radius. p;. Following Haissinsky, the radial distribution of
the emitted positrons, for a point like electron beam, has a 75% radius :
po =0.32r. 1 Consequently, considering that both distributions are not
far from gaussians, we will assume that the positron beam, produced by
a finite cross section electron beam, has a 75% radius given by :

T e o

2 2

(4) pT= pl‘l_ﬂ)z

We assume the volume interested by the power lost by the beam,
to be a cone of base radii p 4 and p T, €quivalent to a cylinder of radius:

(5) r,os

Pulse and average 'temperatvure rises are given by the following formu--



las :

1 cak X TX 2'x 106
(6) At = B - (°c)

pulse 418x-rrxr‘!xc
: 1 sp
I x AE
- _ave’ " o

(7) Atave 4,18 x ¢ (°C)

with AE energy lost by the beam in the target:

(8) AE = 2x1x 6 x 108 (eV)
where :
Ipeak peak electronbeam current (A)
Iave average electron beam current (A)
T beam pulse width (sec)
Csp specific heat of the target material (cal/gr °C)
) mass density of the target (gr/cm3)
1 target thickness material (cm)
c thermal conductance from the heat source to the water,

Formulas (6) and (7) have been obtained under the following hypo
thesis and assumptions :

a) Heat accumulation during the beam pulse;
b) Complete removal of the beam delivered power from the target thru
the water, under steady state conditions ;

c),Power delivered to the target by the electron beam has been calcula
ted assuming an energy loss of 2 Me'V/gr/cmz,

(9) _ v X 27l

c = 5 (cal/sec) ,
0.5 +1In—
1
v thermal conductivity of the target material (cal/ecm ©C sec)
ro target radius (see Fig, 1) (cm) .

Table I presents values of the parameters which are of concern
for our calculations, for different suitable materials,

Through considerations of the different materials whose parame-
ter values are indicated in Table I, we have decided to use copper which



presents simultaneously : a very good thermal conductivity, which li-
mits the average temperature rise, a high specific heat which limits
the pulse temperature and a reasonably high melting point.

TABLE 1
Cu w Ti Mo Au Pt
0 mass density 8.93 |19.1 4,87 |10 19.25{21.4

(gr/cm3)

v thermal conductivity | 0.9 0.35 |0.041{0.32 }0,715}0,167
{(cal/cm ©OC sec) |

CSp specific heat 0.093}0.047-10.126}0,.062}0.031}0,032
(cal/gr °C) | ~-0.036 ’

t melting point i1083 3370 1690 2600 {1063 {1760

o) s

radiation length 12.8516.9 6.9 6
(gr/cm*) |

Introducing in equations (6), (7), (8) and (9) the following data:
ry = 0.25 ¢cm., ry = ;0" 5cm (pl =0,1cm);

1 =1.3cm; v=4psec; I ,q=200x10"6A; 1 =024

pea

for the copper target we get:

At = 20,5 °C : At =180 OC .

pulse ave
Therefore :

= At + At 2~ 200 °C
max ave pulse

The average power dissipated in the target is:

(10) P =1 x2x1x 6x 106 (W)
ave ave
and is : :
P = 4,65 kW
ave

at full duty.



1.3.-Water cooling. - ‘
Water flow required, assuming a water temperature rise of 20 °C
Q = 3.5 1t/min,
Cooling fins surface required, assuming the convection coefficient of

heat transfer to the water to be of the order of H = 50 W /cm?2

Pave

S=H

= 100 cm2

The external diameter of the three circumferential fins comes out to be
approx. 4,8 cm,

A model of the target, at full scale, has been built and the thermal
exchange from copper to water has been tested using a welding machine
delivering 6 kW to the copper disc. The power removed thru the water
flow has been measured using a thermocouple setup connected to a cali-
brated millivoltmeter. No overheating or instabilities in the heat trans-
mission were observed,

1.4, - Mechanical stresses in the target, -

Mechanical stresses in the target have been considered to origina
te from two different sources : the nonuniform radial distribution of the
average temperature in the target body, and the peak temperature rise
in the shower region, The superposition of these two stress distributions
determines the mechanical design of the target,

1.4.1, - Steady state thermal stresses, -

We will use the stress strain relations in the form suitable for
thermal stress analysis. With the constants E, ¥ and o denoting re-
spectively the elastic modulus, Poisson's ratio and thermal expansion
coefficient, these relations are:

1
g = = (g -wvg, +EaT)
(11) T E T -t
1 -
ut— E (th-tvcgr’i‘ll(}vT)

expressed in a cylindrical coordinates system, with the z axis located
along the beam centerline, T is the temperature,

Writing the stress equilibriu‘m relation:
d( ¢ r)
r

(12) TE& T %

and expressing the strain components, as a function of the radial displa



cement u:

(13) g =— - €

it
Lo 38 F e

t
we solve the preceding equations for the displacement u and we obtain:

2

, d"u 1 du u_ ' dT
(14) dr2 "r ar 2 a(l+%) g

whose solution is:

T
(15) u(r) = l(1 + -V )-/aT'r dr + C4r + -(-:—2-
r 0 ’ 1 r ’

Solving eq. (11) for ¢, o4 and using eq. (13) and (15), we get:

C . .2 (T
. B oy 2 1-v7 )
ar = - 3 ,Cla(lf-))), -5 (1-w) - ) / a Tr dr
1-v L r r 0
(16) _ | , I
E . Cy 1-
g = C,(1+Y) + —= (1-w) + aTrdr|-EaT ;
t g2 1 2 2 J
- 4 L_ IQ r 0

where Cl" C, are constants to be determined applying the appropriate
boundary conditions.,

These equations, applied to the problem under consideration and
computed, give the following results:

At r=0
o, = - 12,7 kg/mm-2 6, = -12.7 kg/mm2 ;
where the minus sign indicates compression,
At r = Ty )
o, = 12, 8 kg/mm"™,

For copper:
12, 000 kg/mm?
1.7x10°% °c-1
0.3,

~ |
= 15
i ]

<
1}



1.4, 2. - Pulse thermal stresses, -
The stresses due to the pulse temperature rise are given by:

at r=ry

(17) Op = O T —EaArpulse

instantaneous value,

= 20.5 °C we

Replacing in the preceding equation : ATpulse

obtain :

g = .gt = - 4,2 kg/mmz .

It is useful to point out that this value is obtained assuming that
100% of the heat delivered by the beam is: developed in a cylinder of
radius ry, averaged between the 75% radii of the beam current distri-
butions of the incoming electron beam and of the outpgoing positron beam,
This is a very rough assumption indeed, because the volume interested
by the shower is in effect a cone and also because the temperature distri
bution will never have discontinuities,

Considering the electrons entrance point which presumably will be
the most stressed location in the target, the radius to be considered will
be pyy 0.1 cm in our case, but the beam current through the circle of
radius p; is only 75% of the total, according to our initial assumption,
The peak temperature would then be 96 °C and the pulse stress would be
- 19,5 kg/mm?2, '

Considering the figures obtained, the situation might present some
risk, from the point of view of thermal fatigue, 10 hours of opera'tion at
250 pps correspond to 9x 105 cycles. A true answer will be obtained on-
1y through a thorough test of the target under beam.

2. - LOW DUTY CYCLE TARGET, -

This target is made of pure tungsten, 1,1 e 1, thick, Target 1ay—
out is represented in Fig, 1, Water cooling is brought close to the
beam centerline in a copper jacket, Six operational positions are avai-
lable, to avoid the need to replace the entire target in case of punch
through of the material in one of them,

2.1.- Thermal behaviour, -
2,1,1, - Pulse temperature rise, -

Using formula (6), with the following parameter values :

Ipeak = 0.2 A pq = 0,05 cm



T =4 usec

ry =0,0825 cm average shower radius

cgp = 0.036 cal/gr °C  between 0°C and 1000 °C
we obtain

Atoyge = 515 °C,

averaged along the target thickness, with a maximum of 1010 Oc, at the
entrance point of the electron beam in the target, again considering 75%
of the beam current within radius pj.

2.1,2, - Average temperature rise, -

Using formulas (7) and (8): 4E = 15,3 MeV (this figure has been
checked experimentally, see ref, (6)), and Aty has been expressed
as:

Ipeak xo xf.x AR

A e © 1. 18%C

(°C)

with: f,. beam repetition frequency pulses/sec,

C has been evaluated, for the considered target layout (Fig. 1),
through a graphical analysis and results C = 0,29 cal/sec°C, for
the worst case operational position,

Therefore :

Ata,v,e = 10.3 f, (eC) .

At a repetition frequency of 3 pulses/sec, which is consistent with
the use of the linac as injector for the storage ring, total average tempe
rature rise between water and target centerline is:

. - 0,
Atyge = 31 7C.
This target then could probably be used also at 50 pulses/sec, from the
thermal point of view,

2.2.- Mechanical stresses in the target, -

Steady state thermal stresses are very low, due to the low t

ave
in the target and will not be of concern,

Under pulse c:ondi’qic»ns,, neglecting the contribution of the copper
ring surrounding the tungsten plate, using expression (17) with E =
= 37000 kg/mm?; a = 4. 6x10"8°C-1 we have:

at r=ry

= = ‘ 2
0.= 0, =~ 88 kg/mm*” ,



10,

averaged along the target thickness, with a peak instantaneous of -174
kg/mm?*, for oy and o4, at the beam entrance point,

These stresses are-to be compared with the tensile strength of
tungsten at ambient tempeérature, which, for hard drawn material, is
between 250 and 400 kg/mmz, The region outside the shower region is in
fact at ambient temperature during the heat deposition, In time, the
heat will be transmitted to the cooling water and the outer material will
warm up, but the stresses will also drop because the overtemperature
gradient will decay,

Mechanical behaviour of tungsten under these cycling conditions is
not known, A similar target, under the same loading conditions but with
a worse cooling, has experienced about 106 pulses without any signifi-
cant damage (except a smallfit few tenths of a mm wide and deep, at
the beam entrance poin t) ¢~ 0,3 mm, ~ 0,2 mm deep,

3. - POSITRON CONVERTER, -

3.1,- Mechanical layout, -

Fig. 2 reports a picture of one of the three complete conversion
systems which have been built, and Fig, 3 shows a drawing of the posi-
tron lens with the positron converter installed, Main concern, in the
mechanical design, has been to achieve as high an operational reliabi-
lity as possible and to make easy installing and disassembling the unit,
This is related to the extremely high induced radiation level of the posi
tron lens and to the fact that the target will also build up a very high
radioactivity, after a few hours of operation at full duty,

Consequently, the entire procedure to be followed to install or to
disassemble the unit has been studied to allow the operator to remotely
control the different operations to be performed, In particular, during
the installation, the target support chassis can be lowered on the posi-
tron lens or removed, guided by two columns, using a remotely opera-
ted crane, The vacuum tightness of the housing is made, by means of an
indium gasket, through a flange, on the chassis, which is forced against
the opposite flange on the housing by a motor,

3.2, -Converter controls, -

Ag we already said, and as indicated in Fig, 1, there are seven
possible operating positions of the target, 'in the positron mode of ope-
ration, six with tungsten and one with copper.-on the beam centerline,
The six tungsten positions will be used to produce positron beams ‘for
injection in the storage ring. The copper target will be used to produce
high duty cycle positron beams for experiments with monochromatic
gamma rays, in the LEALE area, The operator in the control room can
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choose anyone of the positions of the target he wants, Compatibility with
the type of run to be performed, high duty or low duty, is ensured thro-
ugh interlocking, \

Besides the controls related to the prositron lens, the following pa
rametlers are continously monitored on the control console : cooling wa-
ter flow thru the target, water temperature difference between input and
output and power delivered to the target by the beam, Adjustable trips
allow the operator to ensure an automatic halt of the operation in case:
of anomalous values assumed by the parameters,

3.3.- Converter operation, -

One of the three conversion systems built has been installed on the
linear accelerator during Mayrch, 1971 and since then it has been perfor
‘ming satisfactorily, The only exception was a single failure of the copper
target which was punched through, flue to incorrect operation of the elec-
tron beam whose diameter on the target was found to be less than 0,5 mm,
The repair operation (half a day totally) demonstrateéd the correct design
of the conversion system even from the point of view of easiness of remo
te handling,

Total number of pulses on the gopper target has been approxima-

tely 1.3 millions up to now under the following electron beam typical ope
rating conditions :

electron beam current: 200 -250 mA, 50% modulated;
beam diameter on the target: ® 2 mm;
beam repetition frequency: 150 pps maximum,

Operation with 200 mA, 150 pps electron beam, unmodulated, has given
a measured power deposition of : 2,6 kW against 2, 8 kW theoretical, cal
" culated-from formula (10),

Total number of pulses on the tungsten target has been over many
millions with the same electron beam parameters,

The comparison between the conversion efficiencies of the copper
and tungsten targets has given the following results :
using the same current of electron beam: 220 mA, with the same focuss-
ing conditions : ® 2 mm beam diameter on the target, and optimizing the
value of By (see par, 1,1), the maximum positron currents obtained at
the end of the linac are respectively:

copper target: 170 pA peak.on the 4 psec pulse flattop;
tungsten target: 280 A " M monmom " "

The ratio between the two conversion efficiencies results therefore
approximately: 1, 6, This low value depends mainly from the quite large
size of the electron beam on the target,
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