


POSITRON SOURCES USING CHANNELING:
A COMPARISON WITH CONVENTIONAL TARGETS
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ABSTRACT

A tentative comparison between positron sources using crystal or amorphous targets
is presented. Both kinds of sources, dedicated to linear colliders, make use of multi-GeV
incident electron beams. Considering a rather thick tungsten crystal (8 mm), such a target
is placed in the usnal working conditions of a linear collider, as the JL.C source, to which it is
compared. Choosing a typical scheme for the positron accelerator, yields, energy deposited
and lieating of both targets are examined. Particular attention is put on the effects of the
temperature on the crystal characteristics and performances. As the ability of a crystal
positron source to sustain high intensities has to be checked, a test of radiation damage has
heen operated at. SLC, which results are expected in the near future. From this comparison,
it appears that a tungsten crystal target, 8 mm thick, using channeling of 10 GeV electrons
along its < 111 > axis provides almost the same yield at the Interaction Point of a linear
collider as the classical source foreseen for JLC. Moreover, the energy deposited is about
six times lower. At least, an hybrid solution made of crystal and amorphous disks of equal
thickness i1s recommended. [ts advantage 1s to preserve mainly the performances of the
crystal in a warm regime.

1 Introduction

The enhancement of radiation observed for channeling conditions in a crystal, with respect to
bremsstrahlung, makes such targets interesting for large positron yields: the high rate of pho-
tons generated along an axis produces a correspondingly high positron yield in the same crystal
target. For incident electron beams, in the range 1-10 GeV, improvement in positron yields is
expected in crystals of sufficient thickness (some mm) with respect to amorphous targets of the
same thickness[1].

Apart from the fundamental aspects of a comparison between crystal and amorphous targets,
it is of interest and also useful to focus this comparison on “realistic” crystal/amorphous targets
both dedicated to linear collider applications. “Realistic™ might mean able to deliver enough
positrons al. the interaction poinl. More precisely, limitations due to wakefields put the level of
the yvield at about I et /incident e~ at the interaction point.
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The linear collider projects, JLC, NLC and CLIC, are considering amorphous positron
sources with impinging electron beams in the range 2 to 10 GeV[2].

A comparison of a “realistic” crystal source with an amorphous one must concern not only
the ability to reach the required yield but also some important problems as the heating of the
target due to large amounts of deposited energy, the constraints put on the incident beam qual-
ity (emittance, energy dispersion) and some peculiar conditions associated with the crystalline
nature of the target.

An experimental verification of the yield and transverse emittance of a crystal positron
source should give definite answers on the useable positron yield for a LC. The description of
the experiment, foreseen on the transfer-line Ty of the CERN-PS has been given previously[3].

2 Comparison between crystal and amorphous targets

After a.short comparison between crystal and amorphous targets of the same thickness, emphasis
will he put on crystal targets yielding the same level (let/e™) at the interaction point as with
the amorphous targets chosen in the LC projects.

2.1 Yield

2.1.1 Compared yields of crystal and amorphous targets of the same thickness

Comparisons of crystal and amorphous targets, both 4 mm thick, subjected to a 10 GeV incident
electron beam have been made[4]. The evaluation of the accepted yield, using the JL.C matching
system, showed an enhancement of 3.3 for the crystal with respect to the amorphous target. An
extensive comparison of crystal and amorphous targets of Si, Ge and W subjected to electron
beams having a maximum energy of 5 GeV have also been undertaken[5].

2.1.2 Comparison of crystal and amorphous sources giving a yield of ~ let /e~ at
the interaction point

o A typical sheme for a positron facility is shown below:
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IMgure 1: The positron facilily, AD: Adiabatic device, TRQ: maiching opiics
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The yields are generally calculated at:
e the target (total yield)
o the end of the matching system AD (accepted yield in transverse phase space)

o the entrance of the damping ring PDR (accepted yield both in transverse and longitudinal
phase spaces)

e Lhe interaction point

e T'he accepted yield in transverse phase space

depends strongly on the optical matching sys-
tem chosen. Most of the projects have preferred sB(z)
the adiabatic lens studied first at SLAC[6]. Such
a lens provides a rather good energy acceptance
for the positrons and hence a relatively large
vield.

As for the JLC prolje(‘t we shall adopt for our

calculations the field law: B
Bo
1
14+ oz (1)
with By = 8 Teslas and a lens length of 18 cms.

o= 50m™!

B(z) =
Figure 2: the “Adiabatic” magnetic field.

° Lm]giif,nd'inal phase space constraints

As already pointed out[3] the spiralization of the positrons in the magnetic field of the
matching system leads to a trajectory lengthening given by:
VeAs po ) As
0L = —=6% In— 2
ae 1A 2)
where 7. is (he relative energy in the center of the accepted energy domain

— 2moc — 2moc
As = e A= cBo
(3)
¢ = eigy% is the parameter of smallness
#; is the maximum angle at the end of the matching system.
The expression above could be written more simply:
6? B
6l =~ In 2 (4)
20y B,

where #; is the maximum positron angle accepted by the matching system.

By
b = /220 5
B. f (5)
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The limitation on the energy dispersion at the entrance of the damping ring (usually,
oI/ 10 = £1%) implies, correspondingly, a limitation on the bunch phase spread A¢, through
Lhe relation,

or

O (8 (6)
and hence on 6 L. This latter limitation is introduced in GEANT and allows calculation of the
accepled yield at the entrance of the damping ring. It is assumed that between the matching sys-
tem and the damping ring no losses occur: such an hypothesis is reasonable and often considered.

2.1.3 A conventional source taken as a reference: JLC

In order Lo compare a crystal positron source to an amorphous one, we take as a reference
the source proposed in the JLC project[2]. Such a source: concerns a 10 GeV electron beam
impinging on a 6Xg thick tungsten target. The yields indicated are:

e Total: 21 ot /e™
e Intrance of DR: 3.1 et /e

e Interaction point: 1.5 et /e~

These yields have also been calculated, with GEANT code, using the matching device of
JLC: The results agree with the data already published[2] and are represented on figure 3 where
the encrgy domain has been restricted to the accepted one, with a superposition of three spectra:
the total one, the accepted one in the focusing channel and the one accepted at the entrance of
the Damping Ring. It is clearly seen on the pictures that, taking into account the longitudinal
constraints associated with the energy dispersion at the entrance of the damping ring, the low
energy part of the spectra is reduced. That corresponds to particles having long pathes of spi-
ralization in the solenoid and presenting, hence, large phase shifts with respect to the particle

of reference.

[l we take a transmission factor of 0.5, between the damping ring and the interaction point,
the available yield at the 1P is of 1.5 et /e™.

note: We can observe some kind of dip in the spectra around 10 MeV. This is related to the
focusing conditions in the adiabatic lens. Varying the field value and the lens length we
can move the dip location on the energy axis.

2.1.4 A crystal for a positron source

Due to much shorter radiation lengthes in crystals with respect to amorphous targets, a consid-
erable amount of photons is emitted in the first millimeters of the crystal target. If we consider
for instance a 10 GeV incident electron beam, most of the channeling radiation takes place in the
4-5 mm from the entrance face of the crystal. We can then consider that a 8 mm thick crystal
give equivalent results for the positrons, when compared to an hybrid target made of a 1 mm
thick crystal followed by a 4 mm amorphous tungsten target. Simulations with a dedicated code
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provided very close values of the positron yield for the two kinds of targets: slight differences
might come from positron energy spectrum and emittance. Henceforth, we shall present the
results of the simulations operated in the all-crystal solution.

Positron generation in a 8 mm tungsten crystal, axially oriented on its < 111 > axis, has
heen simulated nsing a dedicated code[l]. As in the case of an amorphous source, the yields
have been evaluated at different locations. Their values are as follows:

e Total yield: 19 et /e~
e [ntrance of Damping Ring: 2.4 et /e~

e Interaction Point: 1.2 et /e”
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Figure 3: 1Y Spectra for a 6 Xy amorphous larget, (a) Total yield, (b) Accepted yicld in transverse
phase space. (¢) Accepted yield in transverse and longitudinal phase spaces.
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The results of the simulations are presented on figure 4. Similar remarks, as for the amor-
phous target of JLC, can be formulated regarding the reduction of the low energy region of the
spectrum. Concerning the yield at the interaction point, it reaches 1.2 et /e~ with the same
transmission factor between the DR and the interaction point as for the JLC.
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Figure J: I'Y Spectra for a 8 mm crystal, (a) Total yield, (b) Accepted yield in transverse phase
space, (¢) Accepted yicld in transverse and longitudinal phase space.
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"The same remark can also he made concerning the dip in the energy spectrum, as for JLC.

We have represented on figure 5 the correlations between energy and angle (a), longitudinal
and transverse momentum (b), angle and transverse momentum (c), energy and transverse mo-
mentum (d) for the 8 mm thick crystal target.

I'he angular restriction associated to the energy dispersion limitation at the entrance of the
damping ring is represented by the line # = 30 or § = 45° for an S-Band and an IL-Band positron
accelerators, respectively. The useful region has been hatched for one particular case (6 = 30°)
on figure Hh..
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Figure 5: (a) corrclalion between enerqy and angle, (b) longitudinal and {ransverse momentum,
(¢) angle and lransverse momentum, (d) energy and lransverse momenlum for positrons from.
crystal largel for 10 GeV incident electron energy. Lines and curves in the scalter plols show
corvcsponding energy (15,15 ), transverse momentum (1) and angular (B) borders.
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It can he seen that using an L-Band positron accelerator, after the target, leads to a better
acceptance than with an 5-Band one. This is due to the fact that the large radii (~ 20 mm)
associated with the L-Band structures allow transverse acceptance improvement and do not
have drastic influence on the bunch lengthening because of the large radiofrequency wavelength
value.

2.2 Heating

A large amount of power is deposited by the shower in the target. Due to the volumetrically
nonuniform power deposition, mechanical stresses may arise causing target failures. Such prob-
lem has been studied and systematic measurements operated at SLAC {7}. A limit on the
incident electron energy density has been derived:

_ N-.E-

= < 2.10'? GeV/mm”’ (7)

wo?

where N7, E7 and o represent the number of incident electrons per linac pulse, the energy and
rms beam radius, respectively. This limit is taken into account in the LC projects and so on for
the crystal source. .

2.2.1 Energy deposited in the target

The fraction of incident energy deposited in the target has been evaluated for the amorphous
and crystal targets. We have represented this amount for the three linear collider sources (CLIC,
NLC, JLC) using conventional targets, on figure 6. The comparison is made with a crystal target
{W;< 111 >} giving a similar yield (~1et /e™) at the interaction point, i. e. 8 mm thick. For
a 10 GeV incident beam, this ratio is about 32 % for the JLC source whereas it is of 5 % for
the crystal source.
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Figure 6: Energy deposited in the target

As far as the qualities of the crystal depend on the local temperature the heating distribution
in the crystal volume has to be carefully described.
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Two simulations codes[8, 9], using finite element methods, allowed exact determination of the
temperature distribution inside the target. Both codes (SYSTUS and PROMETHEE) present
good agreement on the results. We represent on figure 7 the temperature distribution in the
JLC amorphous target submitted to the nominal incident electron beam (15 = 10 GeV;
N = 5 x 10'1 e /pulse). The average temperature reached in the case of the target leacls
to the choice ol a rotating system to prevent material destruction.
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Figure 7: Simulation of the temperature distribution in the JLC et source (SYSTUS code).
Waler cooling is ensured on the cylindrical target surface with a reference temperature of

20° Celsius.
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Figure 8: Simulation of the temperature distribution in the hybrid source (PROMETHEE code).
2D radial view of the two elements of the hybrid source. (a) the 4 mm crystal - (b) the 4 mm

amorphous disk, placed downstream of (a); water cooling is represented by the white circle.
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Simulation in a fixed crystal target, 8 mm thick, submitted to the same incident beam as
for the JLC shows local temperature at the exit face of the target of about thousand degrees
(lelsius. Such temperature could affect the crystal characteristics. We consider, then, the hybrid
solution with a. 4 inm thick crystal followed by another 4 mm thick amorphous target. As photon
generation takes place mainly in the crystal and pair creation in the amorphous target, the main
part. of the deposited energy is in the amorphous part of the positron source; therefore, heating
in the crystal does not exceed reasonable values. We represent on figure 8 the temperature
distribution in the two parts of the target as simulated with the PROMETHEE code[9].

It can be scen that the temperature, at the exit face of the crystal, does not reach 500°
(elsius; the temperature at the exit face of the amorphous element exceeds 2000° Celsius. The
same solution for this amorphous part, as for JT.C, could be applied putting these amorphous
fargets on a rotating wheel to prevent high average temperatures.
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Figure 9: Continuum polentials for the < 111 > azis of the tungsten crystal. The temperatures

arc copressed am O Kelvm.
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2.2.2 The crystal in warm regime

Heating the crystal, with the energy deposited by the shower, makes the thermal vibration am-
plitude u; larger. As the radiation intensity spectrum, in channeling conditions, is a decreasing
fonctions of u;[5], this intensity becomes lower when the crystal is heated.

We can observe the effects of the temperature on the continuum potentials of the < 111 >
axis (Figure 9). These potentials have been estimated using the expression given by Baier et
al.[10].

U(z) = Vol|fn (1 + 5%) —{in (1 + ;ﬁﬁ)]
where Vo = ZTe? = 430 Volts, for the tungsten crystal oriented along its < 111 > axis

2 . . ; : ;
r = f{; p being the distance to the axis and ag, the screening radius

2
b= za%l; 17 being the thermal vibration amplitude

wy is increasing with the temperature; its values are derived from Gemmel[11]
and given in table I.

T (Kelvin) 400 500 600 700 © 800 1000 1200 1400
|+ UTHERM (u;) 0.058 0.065 0.071 0.077 0.082 0.091 0.100 0.109

Table I: Thermal vibration amplitude (u;).

It can be seen that the potential, on the axis, is decreasing by a factor 2 when the temperature
grows from the normal level to ~ 930° C. One of the consequences is the restriction on the criti-
cal angle. For the case considered above and for 10 GeV it changes from 0.45 mrad to 0.32 mrad.

2.2.3 Effects of the temperature on the positron yield

Some simulations have been undertaken varying the temperature in the crystal and observing
the photon and positron yields. The latter has been considered at two locations:

e at the exit of the target (total yield)

e af the entrance of the damping ring (accepted yield in transverse and longitudinal phase
spaces).

The acceptance conditions are the following:

5 < Et < 25MeV, (8)
Py < 84 MeV/c
7 < 0.35 cm, at the source

and 6L ~ 1.19cm (limit on longitudinal acceptance) at the end of the adiabatic device. The
results can be summarized as follows:
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Simulations made in a 4 mm thick tungsten crystal showed that the yield is decreasing by
an amount of ~ 20 % when the temperature grows from the ambient to ~ 600° Celsius.

20 +
600°C Ambient

€ 0 0.0025 0.005 0.0075 0.01 0.0125 0.015 0.0175 0.02 0.0225 0.025

positrons

Figure 10: Positron energy spectra for a 8§ mm all-erystal

e l'or the positrons

e l'or a1 mm thick crystal, the decrease of the total positron yield is on the same level. as
for the photons, when the temperatire grows from the ambient to 600° Celsius.

o For a 8 mm thick target, we counsidered two cases:

— a whole crystal target

— an hybrid target with 4 mm crystal followed by a. 4 mm amorphous disk.




The results are summarized on the following table:

Total Yield Accepted Yield
S
T=200C|T=600°C|T=20°C|T=600°C
All crystal 19.1 16.3 2.4 2
’.,‘
Hybrid 18.3 16.5 2.3 2.1
[ J

Table II: Positron yields at different crystal temperatures.

The yield is lowered by an amount of 10 % for the hybrid target and of 15 to 20 % for the all
crystal target when the temperature grows from the ambient to ~ 600°C. The accepted spectra
for the two temperatures considered and for the all-crystal case, are shown on figure 10. We
recall that for JL.C conditions and for the expected temperature increases, the hybrid solution
is to be considered.

3 Qualities of the incident electron beam

As it is well known, the channeling condition is expressed through the inequality:

b < o = (2Vo/ Eo)"/?, (9)

where 1 is the incident angle, 1, the critical angle [Lindhard], Vo the depth of the potential well
created by the atomic rows and Eg the incident energy. This condition gives rise to additional
operational constraints. For the < 111 > axis of tungsten, Vy is about 940 eV at normal
temperature; the critical angle at 10 GeV is of 0.45 mrad. It requires that:

e the mosaic spread should be less than 0.5 mrad,

e the electron beam emittance should be low enough to allow beam divergence values lower
than 0.5 mrad.

Nevertheless, as crystal effects persist up to two to three times the critical angle U, the
above condition appears somewhat restrictive.

Incident beam dimensions

As the crystal converter is thinner than the amorphous one leading to smaller positron sonrce
size il is reasonable to consider incident beam dimensions with larger values: ¢~ could be closer
to 2 mw for the incident beam.

14
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A typical, though restrictive , phase-space for the incident beam emittance in each transverse
phase plane x/y could be as represented on figure 11:

mrad  x'

0.32
& » 1M

-

Figure 11:

[ €y ~ 0.57 mm mrad J (10)

Such emittance is easily met at E= = 10 GeV and even at significantly lower energies.

And the emittance area:

Requirements on 6p/p

Due to chromatic effects on the incident beam transport by the quadrupole lenses, the beam
spol. at the converter entrance depends on the beam energy dispersion. An excessive energy
dispersion could then lower the positron yield due to the geometrical acceptance limits of the
positron accelerator. For a crystal converter, for which the tolerated beam dimensions could be
larger, the limitations on the heam energy dispersion appear less severe.

4 Constraints associated with an intense incident beam on a
crystal target

A positron source is supposed to withstand very high power levels of the incident electron beam.
Hence, reliability of crystal sources is based on their long-time resistance to radiation damage
and their possibility to keep high values of crystalline fields even when heated by the energy
deposited by the shower (see § 2.2.2).

e Radiation damage

The radiation damage in the crystal, caused mainly by Coulomb scattering of the clectron
heam on the nuclei, has been evaluated and experiments have been undertaken (see references
[1] and [4]). A test with the incident clectron beam on the positron sonrce of the SLAC Linear
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Collider has been recently done. The integral density on the crystal was of 2 x 10'® e~ /mm?
which represented an analogous rate as for BNL experiment[12]. The crystal will be soon under
analysis at the Max-Planck Institute, in Stuttgart.

5 Summary and conclusions

e A comparative study of conventional and crystal positron sources using the same kind of
incident electron beam showed that: '

— a similar yield (~ le*t/e™) at the interaction point could be reached with a
8 mm thick tungsten crystal oriented along its < 111 > axis, as with a JLC-like
amorphous target (21 mm thick).

Adjustment of the final positron intensity, at the IP, so as to equalize exactly that
of the JLC can be operated using a slightly higher incident intensity (+25 %) on the
crystal with, correspondingly, a larger electron beam size: the electron energy density
‘on the target could then be preserved.

The comparison has been undertaken with the same matching system for both sources.
Informations to be gathered in the projected crystal source test should allow the op-
timization of the matching device with respect to the characteristics of the positron
beam.

— The heating of the target due to the important fraction of energy deposited by the
shower is an important problem for all sources. However, the crystal source presents a
much lower rate deposition (5 % instead of 32 %) than the JLC taken as a reference.
The increase of the incident beam intensity (+ 25 %) does not affect significantly
the ratio of the deposited powers. Practical solutions as rotating targets have been
cousidered and used (at STLAC) for amorphous sources. A corresponding solution
for the crystal targets so as to lower the amount of average power must be carefully
studied: the orientation constraints need some special arrangements.

— a tungsten crystal, 4 mm thick, provides about half of the yield value expected with
a8 mm thick crystal; the deposited energy is in that case, 1 % of the incident energy.
An association of a tungsten crystal 4 mm thick with an amorphous tungsten target
of the same thickness, put downstream, provides about the same yield as for the 8
mm crystal, as confirmed by the simulations. This can be explained by the intense
radiation which occurs in much shorter lengthes than in an amorphous material and
which takes place, mainly, in the first mm of the crystal. Such solution could be
interesting from the point of view of heating, as most of the power is deposited in the
second part of the target (amorphous).

— the behaviour of crystals submitted to intense incident beams is a relevant problem.
The heating affects the field levels in the crystals but do not avoid the radiation pro-
cess. This is confirmed by theoretical and experimental investigations. [n the specific
conditions associated with a crystal positron source such effects have been estimated.
The radiation damages, for which we have already theoretical and experimental in-
formations should be known more precisely with the analysis of the crystal submitted
to the SLLC beam up to June 1996.

e Concerning the foreseen experiment, let us recall that the goniometer has al least two
crystal locations and that a comparison between two targets can take place rapidly.
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In conclusion, the use of crystals in positron sources offers a large set of possibilities. Their

main characteristics have been simulated, however an experimental test constitutes the best way
to get definite data on this kind of source before recommending them for use in a linear collider.
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