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Summary

The design, inplenentation, conm ssioning and
future of the FNAL Antiproton Source target station
and pbar collection systemw || be discussed. The
design and operation of the principal target station
conponents will be presented. Results fromthe first
conmi ssioning period of the Antiproton Source will be
conmpared with design expectations. Finally, the
direction of future inprovements will be indicated.

I ntroduction

The FNAL Antiproton Source is the accel erator
conpl ex in which antiprotons are produced, collected
and stored for use in the operation of the FNAL
Tevatron as a -p collider. The principal conponents
of this accelerator conplex! are two storage rings
(Debuncher and Accunul ator), four beamlines and a
target station. The production and collection of the
antiprotons takes place in the target station. The
| ayout of the Antiproton Source is shown in fig. 1.

To produce antiprotons, one booster batch of
about 2 x 102 protons is accelerated in the FNAL
Main Ring once every two seconds and extracted in a
single turn at F17°. They are transported along a 174
m long beam line (called AP-1)%3 and focussed onto a
tungst en-rheni um production target using a series of
4 pairs of quads at the end of AP-1. The resulting
secondaries are collected by a 15 cmlong, 2 cm
dianeter lithiumlens, which does a point-to-parallel
focus fromthe target into a 300 mlong conventional
secondary beam line (called AP-2)* The first elenent
of this line is a pul sed magnet, which separates 8
GeV negative secondaries fromthe positive primary
beam which is delivered to a beam dunp. The
negative secondaries are transported along the AP-2
line and injected into the Debuncher. The total flux
which the pbar production and collection systemis
designed to handle is determned by the transverse
and | ongitudinal acceptances of the Debuncher, which
are respectively 20m mm-mrad and +2% in momentum.
The design flux is 7 x 107 antiprotons per 2 x 10'2
protons on target, at a cycle rate of 0.5 Hz.

Target Station

The Antiproton Source target station® contains
the antiproton production target, the lithiumlens,
the pul sed magnet, and the proton beam dunp, together
with collimtors and associated instrunentation.

These target station conponents are all
contained in a small volune surrounded by shielding

in an area called the target station vault. The
| ayout of the vault is shown in fig. 2. The volume
occupi ed by the conponents is 0.8mw de, 1 mhigh

and 41 mlong. It is surrounded by 1.3 mof steel
to the sides and bottom and 1.8 mof steel plus 0.3
m of neutron absorbing borated wax to the top. Each
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conponent is individually hung froma 1.8 m | ong

bl ock of steel imrediately above it called a

“modul e". Mbdules can be lifted out and repl aced
like vertical drawers with a crane. The nodul es can
be noved to a storage or work area (the al cove)
inside the vault. Viewing through the shielding wall
is provided by thick |ead-glass windows in the wall.

The nodul es and their |inkages to the target
station conponents which they support are designed in
such a way that, when placed in the alcove with the
crane, a used conponent can be removed fromthe
modul e, and a new conponent attached, by personnel
working entirely outside the vault area. Thus,
conponents can be changed with a mninum of radiation
exposure. An alignment system based on two
shielding plates 1.8 m deep acting as stiff support
rails (see fig. 2), allows precise relocation (to
better than 1 mm) of the conponents when a nodule is
removed and repl aced.

The target station vault is housed in a large
building called the Target Service building. This
bui l ding al so houses the power supplies associated
with the pul sed conmponents, and the electronics for
the instrumentation and control of the supplies.

Hat ches at the upstream and downstream end of the
building allow access to the AP-1 and AP-2 beam
lines. Dehunidification and circulation of the air
within the target station conmponent volune is
achieved using a special air handling unit. This
volume is maintained at a |ower pressure than the
buil ding above to prevent escape of radioactive gases
and dust. The air is swept along AP-1 and exhausted
to the outside after a holding time of 20 mi nutes.

Target Station Conponents
I nstrumentation

The pri nci pal
station consists of a hi
em ssion profile nonitor

instrunentation in the target
gh-resol ution wire secondary
and a beam position

moni tor. The purpose of the beam profile monitor,
which is located just upstreamof the target, is to
measure the size of the proton beamon target, which

is very important in determining the yield of
secondaries fromthe target. The beam position
monitor (a capacitive pickup) provides information on
the beam centroid, which is useful in maintaining the
centroid on the lens optic axis.

The secondary em ssion monitor provides beam
shape information in both planes. A typical beam
profile measurement is shown in fig. 3. The bin
size, which is equal to the nobnitor wire spacing, is
0.25 mnm  The profile nonitor is read out directly by
the accelerator control system providing a real time
display sinmlar to figure 3. Proton beamintensity
information is provided by a standard current toroid
| ocated upstream of the target station vault.

Tar get

The target assenbly is a series of horizontal
tungst en- 10% r heni um di scs produced by powder
technol ogy (see fig. 4). The heary metal discs are
separated by copper discs with channels for the
passage of pressurized air. The air is fed through
the target mounting shaft to the channels to remove



the heat deposited by the beam (about 200 watts).

The entire target disc assembly is housed in a thin
titanium cylinder to contain any fragmentation of the
discs which may occur.

The target disc assembly is positioned relative
to the proton beam such that the beam subtends a
chord of the disc; transverse motion of the vertical
disc axis perpendicular to the beam allows the
effective length of the target to be changed;
vertical motion of the assembly allows the target
disc illuminated by the beam to be changed, or the
target to be removed completely from the beam. The
target discs can also be rotated about their vertical
axis between beam pulses, minimizing the potential
damage to any one area of the target disc.

The three target motions described above are all
provided by remotely operated drive mechanisms at the
top of the module. Recently, a new module has been
designed in which the target will be mounted on a
horizontal pivoting arm, allowing target motion of a
few centimeters along the beam direction to be
accomodated by a rotation of the horizontal arm about
a vertical axis through the module. This will allow
remote optimization of the target-lens distance, a
feature not possible in the earlier design.

The choice of tungsten-10% rhenium for the
target material results from several considerations.
Because of the small depth-of-field of the short
focal length lithium lens (F* = 14.5 cm), a high
density material is mandatory. For a given proton
beam intensity, to maximize the antiproton transverse
density at production, the smallest feasible proton
spot size is desirable. However, as the proton spot
size is reduced, the peak energy density deposited by
the beam rises. This results in severe instantaneous
thermal stresses in the target’, as well as the
development of shock waves. The target material
should thus be as resistant as possible to thermal
stress. Tungsten-10% rhenium is a favorable choice
from the point of view of susceptibility to thermal
stress, since this alloy exhibits a higher yield
stress than tungsten at elevated temperatures.

Lithium lens/transformer system

The development of the FNAL lithium lens and
transformer system benefited enormously from the
pioneering work done at the INP in Novosibirisk®. The
application of a lithium lens as a collection device
for the Antiproton Source required the development of
a large (2 cm) diameter lens, operating at a gradient
of about 1000 T/m. The development of large diameter
lenses has also been underway simultaneously at other
laboratories®. To achieve this gradient, the Fermilab
lens is pulsed to a peak current of about 650 KA.

The current pulse is a half-sine wave of duration 360
microseconds, giving a value for the current
penetration ratio (8/Ry) = (skin depth/ radius) of
about 0.45. With this value for the ratio, the
optimum phase’® is about 120°. In operation with
beam, the timing of the lens current pulse is
adjusted such that the beam (of duration 1.6
microseconds) passes through the lens at the optimum
phase, when the lens current is about 500 kA and the
gradient is about 1000 T/m.

The mechanical and electrical design of the lens
and its toroidal transformer have been described in
ref. 11. The assembly and filling procedure, and the
first power test, were described in ref. 12.

Since the publication of the above papers,
several modifications have been made to the lens as a
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result of the testing program. After about 10*
pulses at full power (lens peak current 650 kA), and
at full repetition rate (0.5 Hz), failures of the 8
high-strength steel bolts which contain the lens end
flanges against the axial forces occurred. These
bolts are shown in fig. 5, which illustrates the lens
design. The failures were due to fatigue of the
bolts. The bolts were replaced with titanium (Ti
6A1-4V) bolts, with special care being taken in the
thread and bolt shape design to enhance fatigue
resistance. No bolt failures have been observed
since the change was made to titanium bolts.

After about 3x10* pulses in one lens, and about
8x10* in another, failures in one of the interna
welds in the lens occurred. This was the weld
joining the outer radius of the titaniumwater septum
with the titanium plenum (see fig.5). Again, this
failure was fatigue-initiated; it was determned that
the failue was due to pulsed loads transmtted to the
wat er septum from the inner wall of the titanium
jacket through the water. The septumdesign in this
area was revised to strengthen the weld. Since then
two |enses have each reached 3x10° pul ses without
failures. In each case, the testing was terninated
due to failures of the toroidal transformer

The toroidal transformer has an 8-turn prinary
and a single-turn secondary; the secondary is the
al um num housi ng around the tape-wound core, which is
conpleted by the lens itself when it is inserted into
the center of the transfornmer. To develop the
required secondary current for full power I|ens
operation, the primary current required is about 80
kA. The details of the transformer design are
di scussed in refs 11 and 12. The lens is attached to
the transformer secondary by a clanping device. The
choice of a renpvable connection between the |lens and
transforner was made to allow for the possibility of
separation of a radioactive |ens/transforner system
(using renote mani pul ati on techni ques) to sal vage one
of the conponents

One of the transformer failures nentioned above,
whi ch occurred after about 300,000 pul ses, was a
fatigue failure of the secondary (alum num) housing
near the inner diameter of the area facing the core
The thickness of this section has been increased in
the present design. The other failure was due to the
lens-transformer clanp, the material of which had not
been properly hardened before use.

Pul se testing of the present design of the
lens-transformer systemw || resune this sumrer and
be pursued until lifetimes of several mllion pulses
are acheived. The present version of the transforner
is only sem-radiation-hard (torlon and kapton
plastics, are used as insulators); a design for a
radi ati on-hard version, based on all-ceranic
insulation, is under devel opnent.

In the target station vault, the
lens-transformer systemis suspended from a nodul e
(see fig. 6). The current pulse is delivered to the
transformer via a strip line which runs along the
side of the nmodule. Renote adjustment of the
position and angle of the lens is possible using
notor drive mechani sns nounted on the nodul e; these
position and angle controls are interfaced to the
accel erator control system allowing real-tine
optim zation. The lens is cooled by a closed |oop
wat er system (10 kW capacity) equipped with a
deionizer. This systemresides outside the target
vault, and contains automatic sensors to detect a
breach of the water jacket during operation (which
causes an automatic purge of the lens with argon).



Pulsed Magnet

The original design for the pulsed magnet, which
defines the secondary beam energy, was a 6-turn
magnet, with a gap of 3.8 cm and a length of 30 cm.
When pulsed to about 80 kA, the magnet developed a
field of about 5 T; this was sufficient to provide
the required 3° bend for 8 GeV secondaries. A
semi-radiation-hard version of this magnet was
designed, fabricated and tested. Problems were
encountered with the turn-to-turn insulation in the
magnet; after several tens of thousands of pulses,
the insulation separating the turns failed near the
end of the magnet.

Because of these problems, this magnet has been
replaced with a more conventional design magnet. The
new magnet is about 1 m long, with a 3-8 cm gap and
200 turns. It is pulsed to about 450 A, developing a
field of about 1.5 T. The additional length of this
magnet requires the use of 4 modules to allow for
remote handling capabilities. The magnet is also not
radiation-hard. In the future, it is planned to
replace this magnet with a shorter device, having
fewer turns and a higher current and field, which can
be more easily radiation-hardened.

Proton beam dump

The proton beam dump is similar in design to the
Tevatron dump. The dump core contains a 15 cm
diameter, 1.2 m long graphite cylinder, enclosed in
an aluminum container. The graphite is followed
downstream by 1.1 m of aluminum. The dump is water
cooled by a closed loop system of 80 kW capacity.

The water circulates through channels in the aluminum
enclosure.

The core is surrounded by shielding steel. A
channel through the steel is necessary to allow the 8
GeV secondaries to exit the downstream wall of the
dump. This channel contains a remotely operated beam
stop (see fig. 2) which blocks the secondary beam
when necessary for radiation safety purposes.

Yield Estimates
Estimates of the yield (Y) of pbars, defined as
Y = flux of "s/flux of protons/momentum spread,

and measured in ppm(=parts per million)/Gev/c, have
been made using Monte Carlo techniques for the FNAL
Antiproton Source®®. These estimates were used to
determine the operating parameters of the pbar
production and collection system. The dependence of
the yield on the operating parameters can be seen
from fig. 7, which displays the yield Y vs the aspect
ratio (o, of the pbar collection system®s upright
acceptance ellipse at the target center, for various
acceptance areas. Fig. 7 was computed by a
semi-analytical technique described in ref. 14, which
is based on the formalism developed in ref 15. The
pbar production cross section parameterization was
taken from ref. 13. Although multiple scattering and
secondary production are not included, these effects
come in at the 10-15% level in determining the yield;
the results shown in fig. 7 agree with the Monte
Carlo calculations of ref. 13 at this level. The
dependence of the yield on the lens parameters can be
seen from the relation

1 1

BO = -
B Ikzs in%o

where By = beta at the lens exit =Ro%/(a/n), Ry =
lens radius, a = system acceptance; k® = eG/p = lens
strength, and ¢ = kl = lens phase advance (1 = lens
length). For the FNAL system, R, = 1 cm, a = 20m
mm-mrad, so By = 5m; G = 1000 T/m, p = 8.9 GeV/c, so
k =5.8m', ¢ = .87 radians, so B, = 1 cm. This is
near the peak of the yield vs [, curve shown in

fig. 7 for a = 20m mm-mrad; the system is thus
designed to operate near the optimum point, and the
yield should not be very sensitive to variations in
any of the lens parameters.

Secondary Beam Transport

The 8 GeV negative secondary beam, which is
selected by the pulsed magnet, is transported to the
Debuncher along a 300 m long beam transport line
called AP-2%. The beam line is designed to transport
20m mm-mrad of transverse emittance, and *2.5% of
momentum spread, from the lithium lens to the
Debuncher; and to match the lattice functions from
the exit of the lens (where beta is about 5 m) to
injection into the Debuncher.

The beam line has been instrumented heavily in
order to enhance understanding of the optics and to
aid in the diagnosis of problems. 6 secondary
emission monitors have been provided to allow
measurement of the beam profile at strategic points.
An ion chamber (called I1C728) has been installed in
the beam line, about 42 m upstream of the Debuncher
injection point; this chamber allows the
determination of the absolute yield of negative
secondaries at this point in the beam line. At this
same location, during the last run (see below), a
Cerenkov counter was temporarily installed to allow
determination of the relative pion and antiproton
yields.

Target Station Performance

During the period of the first commissioning of
the Antiproton Source, which occurred during the
spring, summer and early fall of 1985, a number of
measurements were made relevant to the performance of
the pbar production and collection system. Flux
measurements were made in the downstream portion of
AP-2 (at 1C728), and measurements of the circulating
beam in the Debuncher were made. The results of
these measurements are detailed in ref. 16. Previous
beam tests of the Fermilab lithium lens have also
been reported'’.

The most significant measurement, as far as the
operation of the Antiproton Source is concerned, is
the determination of the absolute yield of pbars.
The total secondary yield at the ion chamber 1C728,
relative to the number of protons on target, was
measured to be 1.2x10°® (with about 10%errors). The
relative nunber of pbars to total secondaries at this
point was neasured with the Cerenkov counter to be
3.2% (again, with about 10-15%errors). Estinating
the nmomentum acceptance of the AP-2 line to be about
4.8% gives the result for the pbar yield shown in
fig. 8 Aso shown in the figure is the
corresponding yield for the circulating antiproton
beam in the Debuncher. The curves plotted in fig. 8
are the predicted variation in yield with system
acceptance, for the operating paraneters under which
the data were taken. The yield measurenments have
been located along the ordinate to lie near the
curves. |If the calculation (which follows the
technique of ref 14) is correct, then the
measurenents allow us to infer an effective system
acceptance at |1C728 and in the Debuncher. The
acceptance at 1C728 is about 13m mm-mrad; this is



substantially smaller than what is expected at this
point, which is well in excess of 20m mm-mrad. The
Debuncher acceptance is close to 51 mm-mrad; the
design acceptance is 20n mm-mrad, and measurements of
the acceptance with proton beams have indicated
acceptances in the vicinity of 10 to 12m mm-mrad.

The small effective acceptance shown in fig. 8
probably results from emittance dilution due to both
poor matching and injection oscillations in the
Debuncher.

During studies performed in the early part of
1986, the Debuncher acceptance has been improved to
better than 20m mm-mrad in both planes. The AP-2
beam line and injection diagnostics have been
improved to help diagnose the problems contributing
to the poor performance discussed above. During the
next operating period of the Antiproton Source (fall
1986), the measurements discussed above will be
continued, and determined efforts made to understand
and eliminate the problems.

Extensive relative yield measurements have also
been made; these are detailed in ref. 16.
Measurements were made of yield vs. lens gradient
(with target-lens distance, fixed); yield vs. proton
beam spot size; yield vs. target length; yield
vs. lens vertical position; and yield vs. lens
timing. In general, the relative yield measurements
are all in rough quantitative agreement with
calculations. As an example of the data, the yield
vs. lens timing measurements are shown in fig. 9.
The variation of the yield with lens timing is due
primarily to the dependence of the lens Tfield
linearity on phase, and also to a lesser extent on
the variation in the lens gradient with phase. In
fig. 9, the measured relative total yield (at 1C728)
is shown, together with a measure of the lens
linearity, OAris- Oris s the root mean square
relative deviation of the lens field from linearity;
the origin of the nonlinearity is discussed in detail
in refs. 10 and 18. The minimum in Ags oOccurs at a
time called the "optimum phase'; the nonlinearity is
least here, and as fig. 9 shows, the yield peaks
close to this point.

Future Improvements

In connection with possible upgrades of the
Antiproton Source to handle higher fluxes,
improvements to the pbar production and collection
systems are being considered. These improvements are
focussed on operation of the system at higher
repetition rates than the present 0.5 Hz, and
modifications to increase the pbar yield into a fixed
acceptance (which requires an increase in the pbar
transverse phase space density at production).
Planning for these improvements is in an embryonic
stage at present, but some of the directions which
seem useful to pursue will be discussed below.

The repetition rate of the pbar production
system is primarily limited by the cycle rate of the
lithium lens. Reduction of the cycle time can be
acheived by reducing the diameter of the lens. As
detailed in ref 19, the temperature rise per pulse in
the lens is

TeT102/Ro*

where T is the pulse duration, and lp is the peak
lens current. To acheive the same field linearity,
the current penetration ratio (8/Ry) should be kept
constant, where JdVT is the skin depth. For constant
(3/Ro)? T/Re?, T can decrease as Ro?, so

Tpl0%/Ro?

Thus, to keep AT, constant, I, must vary like
Ro- The cyclic thermal stress in the lens cooling
Jacket (which is the overriding mechanical design
constraint) is?®

Ac AT, F(Ro/t)

where f(x) depends on the lithium and jacket material
constants, and t is the thickness of the cooling
jJacket. If AT, is constant, Ao can be kept constant
if (Ro/t) is maintained fixed as Ry, decreases. The
minimum lens cycle time is proportional to the
thermal time constant for heat transport across the
Jacket, TR:

Tr tRo

For constant Ro/t, TrRo?; so, to reduce T by a

factor of 2 requires a reduction in Ry, (and 1y) by
V2. Since the gradient will increase (as 1/Ro), the
focal length decreases; however, for operation at
this reduced focal distance, the change in the pbar
yield is very small (see fig. 10). Thus, to acheive
factors of 2 or more improvement in the pbar
production system cycle time, reduction of the lens
radius from 1 cm to 7 mm or smaller is necessary;
this change maintains the pbar yield and the
principal mechanical stresses in the lens constant,
and should be techically quite feasible to
accomplish.

Improvements in the pbar transverse density at
production are considerably more difficult to
achieve. Since the pbar density is conserved after
production, increases in density can only be acheived
at the target. The simplest improvement involves
exploiting the rough equality between the proton and
pbar beam spot sizes at the target. Reduction of the
proton beam spot size increases the pbar transverse
density. Figure 11 shows the dependence of the pbar
yield into a fixed acceptance on the proton beam
size. It is clear that substantial gains are
possible from the present design point of or = 0.54
mm; the limit due to multiple Coulomb scattering in
the target and lens is at og ~ 0.1 mm. However,
there are limits on the energy density which can be
deposited in the target’, and the present Antiproton
Source operating parameters (or ~ 5 mm, N, = 2x10%?
protons) are close to these limts. Significant
reduction in the proton spot size will require sone
techni que for avoiding the single pul se destruction
of the target. ne of the sinplest possibilities
i nvol ves the inplenentation of sweeping systems? to
distribute the energy deposited by the reduced spot
size' beamover a larger region of the target. The
i npl enentation of such a systemat the FNAL target
station is now under active consideration

Al ternative techniques for increasing the pbar
density involve the elinination of the target
depth-of-field effects. One nmethod is the use of a
current-carrying target, in which the field produced
by an axial current focusses the secondaries as they
are produced. Conplete elimnation of the target
depth-of-field effect (i.e., the target appears as a
source of no extension) occurs when the aspect ratio
of the collection system acceptance ellipse B, at the
target, and the target focusing field strength k =

VeGy/p (G/ = target gradient), are related by

Bo = 1/K
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For reasonable values of By, this implies very
large values for the target gradient (in excess of
100,000 T/m). The best that has been acheived in
laboratory tests to date?! is in the range of 20,000
T/m. Fig. 12 shows the yield variation with target
gradient, for different target lengths and a fixed
acceptance and proton spot size. The value of By at
the target center has in each case been chosen as
that for which the yield is a maximum. The gains in
yield over the yield at G = 0, in the range up to
about 30,000 T/m, are no more than 15%. Further
studies will be performed to check if longer targets
made of lower density materials (which might also
tolerate higher local beam energy densities) could
afford any greater gains.

Another alternative technique for reducing the
target depth-of-field effect is the use of multiple
short targets, alternating with lenses to focus the
secondaries. This idea has been discussed
extensively in previous papers?®-22_ A brief
consideration of this technique has been made for the
FNAL Antiproton Source case; this preliminary
estimate indicates that to make sufficient gains to
Jjustify the development effort, at least the
attenuation in the lenses must be eliminated: i.e.,
plasma lenses?® or some equivalent non-absorbing
focussing device (not lithium lenses) must be used.
Feasibility studies of this approach will continue to
be explored.

Conclusion

The FNAL Antiproton Source pbar production and
collection system has been described. A detailed
discussion of the target station, together with its
components, was presented. The current state of
development of the lithium lens and transformer
system has been detailed. Some results have been
presented of measurements relevant to the performance
of the pbar production and collection system.
Finally, the direction of future improvements to the
system has been indicated.
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Discussion

B.B.Il»~xoMuyk. K~koi y~oBeHb p~~H~-UUM HaB~r1~a~-s
Ha MHIIEHH Cpa3sy Xe JIoCJle CceaHca U Korga Bbl MOTJIM Ha-—
4aTh C HeHd paborarn? :

G.Dugan. Immediately after exposure, the radia-
tion level was several tens of rads/hour at one foot
from the target. Although the target cracking shown
here did not cause operations to stop, if a more se-
r'ous fa “ure occurre’, t e target could be changed
in 2-4 hours.
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n

correspond respectively to 5,7,9,11 cm.
ellipse aspect ratio picked for maximum yield.

.54 mm, a =

Acceptance
Or =
20m mm-mrad.



