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1. Introduction

The number of antiprotons (p) which can be accepted and ac-
cumulated in the CERN-p-storage ringl depends strongly, among
others, on the parameters of the proton beam incident on the
production target and on the target itself. To increase as
much as possible the p-phase plane density, the proton beam
must have a small focus and the target material must have a
short proton absorption length, i.e. materials of maximum den-
sity are required. Moreover, to increase the target efficiency,
the target diameter must be matched to the proton beam focus so
that the re-absorption of the produced antiprotons in the 1la-
teral target material is kept small.

The above requirements, i.e. high intensity, strongly
focused proton beams incident on slender targets of heavy ma-
terial, lead to elevated energy densities and thermal loads in
the target material. In the following a target structure is
described which attempts to fulfil the above requirements and
which still provides sufficient resistance against the beam

induced thermal effects.

2. Design parameters

The target will be irradiated with a proton beam of an in-

13 protons/pulse and a momentum of 26 GeV/c and

tensity of 10
2 beam diameter of 3 mm at the target location. The duration
of each proton burst is 0.4 us and the burst repetition time

is 2.4 s.

The target is made of tungsten which has a density of19-3'g/cim3
and a proton absorption length of 10 cm. Since a target
length of 11 cm is required, 67% of the incident protons will
be absorbed in the material. The target diameter is matched
to the beam diameter of 3 mm.




The energy of the incident proton beam is about 41 kJ/burst
of which about 2.6 kJ are deposited in the target. This cor-
responds to an average power dissipation in the target of
1.1 kW.

3. Adiabatic temperature rise per proton pulse

To study the target heating caused by the incident protons
and the nucleon-meson cascade induced in the target, calcu-
lations of the energy deposition density in tungsten have been
made with the Monte Carlo-cascade programme ZYLKAZZ). Fig. 1
shows the energy deposition density and the resulting adiabatic
temperature rise of at most 1357 C after each proton burst
along the target axis. These values indicate that due to
excessive thermal stress and thermal shock one must expect
yielding or fracture of the target material.

4. Principal target structure

To avoid the desintegration of the target material, the
latter must beembedded ina material which is capable of re-
taining the target fragments, which furthermore can stand the
elevated temperatures created around the tungsten and which
itself is not destroyed whenever the beam hits accidentally
this material. Moreover, the target container must be of low
density so that the re-absorption of the antiprotons, emerging
from the tungsten target and having to penetrate the container,
is as low as possible. Therefore, graphite was selected as
material for the target containers). This material has an
excellent mechanical and thermal resistance at elevated tem-
peratures up to 3000° C and withstands well the heating by the

beam

Due to the low density of graphite of about 1.8 g/cm3
the target efficiency is only slightly decreased. The reduction
of the target efficiency as a function of the density of
various target support materials is illustrated in Fig. 2.
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The tungsten target proper consists of a string of 11 cy-
linders of 3 mm diameter and 10 mm length each, fitted in a
hole of corresponding diameter which is drilled along the core
of a graphite cylinder with an outside diameter of 30 mm. At
either end, graphite plugs are screwed into the graphite container
to seal off the tungsten target. A cut along the axis of the
target assembly is shown in Fig. 3. Since both the tungsten
and the graphite oxydise at an elevated rate above 500° C
in air, the tungsten-graphite assembly must be insulated in an
air-tight container. Therefore the graphite is inserted into
an aluminium container which is finally closed with thin beryl-
1ium or titanium windows at the upstream and the downstream end.
Both materials have shown good resistance to the impact of beams

13

of less than 2 mm diameter and 1.5 x 10 protons/pulse.

5. Steady state and maximum temperature of the target

To evaluate the maximum temperature in the target, the
average steady state has to be considered in addition to the
adiabatic temperature rise per pulse. The steady state 1is
defined by the overall thermal conductivity from the tungsten
through the graphite into the aluminium container, from where
the heat is discharged through cooling fins via forced air

convection.

The conductivity of the tungsten-graphite transition depends
on the surface quality of both parts and on the gap between them.
This value is the most difficult to estimate. Measurements
between graphite and stainless steel of similar surface quality
as the tungsten, including an air gap of 0.05 mm, indicate

that a transition conductivity of 0.14 w/° ¢ cm?

is easily
reached. Applying this value would result in an average tem-
perature difference between the tungsten target and the inner
surface of the channel in the graphite of 700° C for an average

power dissipation of 1 kw.

The steady state situation has been simulated in an experiment
where the tungsten rods in the target assembly were replaced by a
cylindrical heating element in which a power of 1 kW was dissipated.



A very good thermal contact between the graphite cylinder
and the outer aluminium container is achieved by thermal
shrink fitting the latter around the graphite. A temperature

jump of about 5 ¢ at this transition was measured.

An efficient air cooling must be applied at the periphery
of the aluminium container in order to maintain a low average
temperature of this part of the'target assembly, since other-
wise the thermal contact at thevgraphite-aluminium transition
may be lost due to the large thermal expansion coefficient of
aluminium as compared to graphite. With an air speed of 10.
m/s around the cooling fins of the aluminium container, an

average temperature of about 110° C was achieved in the latter.

As a result of the overall radial thermal conductivity of
the assembly the average surface temperature of the tungsten
rod will be at most 800° C. Therefore, the temperature along
the tungsten core will rise to at most 2150° C after each
burst. However,theaddition of the average steady state tempera-
ture and the maximum temperature rise per proton burst leads again
to a somewhat pessimistic estimate.

After a few milliseconds when the Gaussian-like initial
temperature distribution over the target cross-section following
" each burst has become uniform, the target temperature in the
core will‘have dropped by about 700° C. The resulting tem-
perature cycles in the target axis are illustrated in Fig. 4.

6. Prototype target tests with beam

A prototype target, shown in Fig. 5, has been tested at the
CERN-PS wunder the finally envisaged beam conditions. The
luminescent screen upstream of the target was viewed with a

TV-camera in order to steer the beam properly onto the target.



The target irradiation lasted in total about 12 hours. The
interaction rate was monitored with a radiation detector placed
downstream of the target. The signal, normalised on the in-
cident proton intensity remained constant within the precision
of about 5%. This indicated that no major amount of target

material was lost from the initial target volume.

After the remanent activity of the target had cooled down
5)

sufficiently’’, an X-ray photo of the assembly was taken

and did not indicate any visible damage of the target rods, as
shown in Fig. 6.

After further cooling down time the targetassembly was
machined open so that the target rods could be inspected visually.
No gross damage of the tungsten had occurred. However, some
rods were fractured along the cylinder axis and the frontand
end faces were slightly pitted as can be seen in Fig. 7.

It is not yet clear whether these effects were caused by
the thermal shock and the excessive thermal stresses, by
radiation damage or by the progressive formation of tungsten
carbide which occurs at elevated temperatures and which causes
a swelling of the material and a reduction in density (p(WC) =
15.7 g/cms). The latter effect may reduce the target efficiency
by about 14%.

7. Material tests at elevated temperatures

In order to evaluate further the formation of tungsten.
carbide, samples of tungsten rods embedded in graphite were
kept at 2000° C over 48 hours in a vacuum furnace4). As a
result, practically the total amount of tungsten was converted
into carbide. A photo of the cross-section of the test sample
is shown in Fig. 8.
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It is difficult to predict from these results the time over
which the tungsten targets are completely converted into carbide
under the thermal conditions given by the pulsed proton beam.
These tests show, however, that the target efficiency may be
somewhat reduced over prolongated irradiation periods..

In case it is discovered in the course of the p operation
‘that the formation of tungsten carbide causes significant losses
in the p-yield, rhenium (p =21,04 g/cms) will be used as a.
target material. Heat tests similar to those described above
indicate that the latter metal does not form a carbide. However,
as shown in Fig. 8, also the Re-rods exhibit microscropic craks
and precipitation of graphite at the grain boundaries.

Finally, it could be envisaged to use initially tungsten-
or tantal-carbide, which however reduces the target efficiency
due to its reduced density. Moreover, Boron or Beryllium based
ceramics may be envisaged as target container material, which
may be chemically less active. Due to the increased density
of ceramics (p ~2.3 g/cms), again a reduced target efficiency

may result.

8. Conclusion

A quasi thin tungsten target of 3 mm diameter has been de-

135 protons/puISe

signed for an incident proton intensity of 10
at 26 GeV/c and a beam diameter of 3 mm. The target is contained
in graphite, which reduces the target efficiency by only about

10%.

Theoretical calculations indicate that energy densities of
up to 0.180 kJ/g will occur in the target. This leads to maximum
temperatures (steady state plus adiabatical temperature rise/

proton pulse) of 2150° C.

The target has been tested successfully over 12 hours in a
beam with the above parameters. The long term behaviour of the
designed target will only be experienced in the course of the p-

operation which is due to start in July 1980.




Since the formation of tungsten carbide over prolonged
jrradiation periods cannot be excluded, some tests have been
made with Trhenium which is more resistant to chemical
reactions with the gréphite target container at elevated
temperatures. Further options may be the selection of less
dense target materials and more dense materials for the target
container. This, however, will lead to a reduced target ef-
ficiency.

Should the future operation show that the target resists
well the beam induced thermal load, a reduction of the target
diameter in combination with a correspondingly reduced beam
spot may be envisaged. Technically, target diameters of well
below 1 mm can be provided with good geometrical precision.
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Fig. 1 - The energy deposition density (left hand scale) along the centre
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of the W-target. The right hand scale gives the resulting tem-
perature rise along the core, where the change of the heat capa-
city with temperature has been neglected. A beam of 26 GeV/c
and a diameter of 3 mm (40 of a Gaussian proton density dis-
tribution) has been considered.
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Fig. 2 - Target efficiency (escaping p’s over created p’s) of a 2 mm thick

and 10 cm long W-target embedded in materials of various densities.
Antiprotons of 3.7 GeV/c produced by 26 GeV/c protons within a cone
of + 50 mrad are considered. '
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Fig. 3 - Vertical cut through the target assembly. The dimensions are quoted
in mm. The perforated aluminium tube upstream of the actual target
container offers the possibility to increase the actual target length
without a modification of the overall length of the structure and its
support (the latter is not shown in this drawing).
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Fig. 4 - Temperature variations in the target centre during each irradiation
cycle. The decay from the maximum adiabatic temperature Tl to T2 is
due to heat diffusion over the target cross—section (the about Gaussian
temperature field becomes uniform) and the decay from T2 to T3 is due
to the heat transport towards the cooling finms.




Fig. 5 - Overall view of the target assembly. The aluminium container i8
anodised black to aid cooling via radiation. The hole in the up~
stream luminescent screen avoids premature aging and radiation
damage of the latter.

Fig. 6 = %~ray photo of the target ensemble after irradiation.




Fig., 7 = Front view of the Wrods afver ivradiation.

The longitudinal
craks and a pit of about 1 mm depth can clearly be seen.

Fig., & = ?uﬁggzﬁg {lefu)
at 20007 C over 48 hours.
tungsten carbide was formed.

and rhenium {(right) rods after bake-out in graphite
In the fungsten s consideradble amount of
In the otherwise stable rhenium, a
slight graphite precipitation occurred at the grain boundaries.



