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Abstract 
Internal wire targets in the halo of stored proton beams provide a line source of proton-nucleus interactions for 

highest-rate fixed target experiments. We have studied such internal halo targets at the 820 GeV proton ring of the HBRA ep 
collider. The tests showed that most of the protons in the beam halo - which would otherwise hit the collimators - can be 
brought to interaction in a relatively thin target wire at distances of 7 to 8 beam widths from the center of the beam. At less 

than 10% of the HERA total design current, and less than 20% of the current per bunch, interaction rates up to 8 MHz were 
observed, corresponding to more than 2 interactions per bunch crossing. The halo targets were used in parallel to the HERA 
luminosity operation; no significant disturbances of the HERA ep experiments, of the machine stability or beam quality were 
observed. We present data on the steady-state and transient behaviour of interaction rates and discuss the interpretation in 
terms of a simple beam dynamics model. Issues of short-, medium- and long-term rate fluctuations and of rate stabilization 

by feedback are addressed. 

1. Introduction 

One of the outstanding problems in high energy physics 
is the origin of CP violation, a phenomenon discovered 30 
years ago [I] in decays of neutral kaons. A decisive test of 
the implementation of CP violation in the standard model 

of electroweak interactions [2] requires the discovery and 
accurate measurement of CP violation phenomena in sys- 
tems heavier than kaons. The most promising laboratory 
for CP violation studies are decays of neutral B mesons, 
where CP violating effects are expected to be large [3]. 
However, the decay channels which can exhibit CP asym- 
metries are extremely rare, typically suppressed by 4 to 5 
orders of magnitude. Experimental cuts to select clean 
signatures and to identify the B flavors reduce the useful 
rates further. An experiment will therefore require the 
production of very large numbers of B mesons, i.e. a 
machine acting as a B factory. 
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The most popular B factory is a high luminosity efe- 

collider with a center of mass energy corresponding to the 
mass of the T(4S) bottomium resonance which can decay 
into two neutral B mesons. The appealing features of this 
approach are the simplicity of the events, the clean signa- 
tures and the wealth of heavy flavour physics accessible. 
In order to arrive at a measurement of CP violating effects, 

however, the storage rings have to be operated at up to 
now unreached luminosities. Ambitious projects have been 
started in Japan (KEK) [4] and the USA (SLAC) [5]. 

The second possibility to produce large numbers of B 
mesons is offered by hadronic interactions at high ener- 
gies. In this case, cross sections and therefore the rate of B 

events are much higher than at e+e- machines; the events 
contain, however, a large number of particles besides the 
decay products of B mesons and the background of events 
with no B mesons produced is severe. This shifts the 
experimental challenge to the construction of adequate 
detectors and trigger systems. With increasing CM energy, 
the B cross section in hadronic interactions rises and the 
fraction of non-B background decreases, so large center of 
mass energies are of advantage. 

In Ref. [6] the feasibility of using the existing HERA 
proton ring for a B experiment is discussed. In a fixed 
target environment, the 820 GeV proton beam energy leads 
to a center of mass energy fi = 40 GeV, an energy not far 
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above the B threshold. At this relatively low energy the 
background of normal inelastic interactions dominates B 

production by 6 orders of magnitude. A CP experiment 
therefore requires extreme event rates in the order of 30 to 
50 MHz during a running period of several years. Since 
the maximal bunch crossing (BX) frequency of the HERA 
proton ring amounts to 10 MHz, this means that several 
events must be produced per BX. 

It has been proposed in Ref. [6] to use thin wires or 
ribbons as internal targets to achieve this goal. Such targets 
have been discussed theoretically in Ref. [7] and tested in 

low energy beams in Ref. [8]. At the 820 GeV HERA 
proton ring, the targets are positioned around the proton 
beam at a distance of 4-8 r.m.s. beam widths, i.e. inside 

the beam halo but outside the beam core. The beam halo 
scraped by the target wires is continuously replenished by 

protons diffusing outward, a process mainly driven by the 
nonlinear effects of ep beam-beam interaction. Such a 
strategy should assure that the beam quality is not affected 
and the ep luminosity of the other HERA experiments is 
not reduced. It has to be verified, however, that most of 
the halo protons can be brought to interaction in the target 
before these particles (which have unstable orbits) are lost 

from the ring due to their outward drift in phase space (this 
happens on the time scale of seconds). For the nominal 

HERA beam parameters, the event rates of up to 50 MHz 
can only be reached, if at least 50% of the halo protons are 
absorbed on the target. 

In this article we report on test measurements per- 

formed with halo targets in the HERA proton ring during 
the running periods in 1992 and 1993. After a description 
of the relevant accelerator parameters in section 2 and of 
the experimental setup in Section 3, we describe in Section 
4 the simulations which guided the design of the target and 
which allow to interpret the measurements in the frame- 
work of a simple beam dynamics model. The experimental 
results on interaction rates, transients, event topology and 

rate fluctuations are presented in Sections 5-8. First expe- 
riences concerning automatic target control are summa- 
rized in Section 9. The topic of compatibility with the 

normal machine operation is addressed in Section 10. The 
article concludes with a summary and outlook. 

2. The HERA machine 

HERA is a double storage ring designed for colliding a 
820 GeV proton beam with a 30 GeV electron beam. The 
rings have a length of 6335.8 m. They are served by a 
complicated chain of injectors and preaccelerators, consist- 
ing of two injection LINACs, an electron accumulator, the 
upgraded DESY synchrotrons and the former e+e- stor- 
age ring PETRA. HERA has four interaction regions as 
shown in Fig. 1. Two of them (north and south hall) house 
the general purpose ep detectors Hl and ZEUS. In the 
other two the beams are not brought to collison. The 

HERMES detector, using exclusively the electron beam, 

will be installed in the east hall. The west hall accommo- 

dates machine utilities and would offer space for a fourth 

experiment, such as a B experiment (which would exclu- 
sively use the proton beam). The present experiment to test 
internal targets is located 118 m upstream of the HERA 
west hall, in front of the aperture defining main collima- 
tors. Relevant parameters of the proton ring, as operated in 

the 1993 run, are listed in Table 1. 
The proton ring is equipped with 4.7 T superconducting 

bending magnets which allow a beam energy of 820 GeV. 
The machine is operated routinely at its nominal beam 

energy since its first year of operation (1992). The electron 
ring is designed for a beam energy of 30 GeV but was 

operated in 1993 at 26 GeV. 
Both rings operated with low beam intensities in 1993. 

In the electron ring, the intensity was limited by lifetime 
problems. The bunch intensity of the proton beam was 
limited in the injection chain. The total proton current 
reached typically 7-9% of the design current of 160 mA; 

90 out of the total of 210 bunches were filled. The mean 
current per bunch was about 17% of the design value. 

The bunches were organized in 9 trains, each consisting 
of 10 bunches. The bunch spacing within a train corre- 

sponded to 96 ns; the spacing between two consecutive 
trains corresponded to 1344 ns. The electron ring was 

filled such that the last six proton bunches in the last 
bunch train did not collide with electron bunches. These 

six bunches did not contribute significantly to the observed 
interaction rates since they were accompanied by a halo 
which was much smaller than that of the 84 colliding 
bunches. 

North Hall 

South Hall 

Fig. 1. Sketch of the HERA rings with the location of the four 

experimental areas. Also shown is the position of the internal 

target test experiment close to the west hall. 
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Table 1 

Typical parameters of the proton beam during the 1993 tests. All non-global parameters are given for the test location 118 m upstream of the 

HERA west hall. The horizontal direction is denoted by the index x, the vertical by y 

Proton beam: 

Energy 

Beta function 

Alpha 

Typical emittance 

Emittance growth rate 

Spatial dispersion 

Angular dispersion 

Beam size (r.m.s.1 

Beam divergence (r.m.s.) 

Typical tunes 

main collimator aperture 

revolution time 

p bunch trains 

p bunches per train 

p bunches in collision 

protons per bunch 

bunch length 

Typical current 

Range of beam lifetimes 

820 GeV 

& = 94 m 

a, = - 1.68 

l ,=5-6XlO-~radm 

= 2.5 X lo-” radmh-’ 

d, = 0.82 m 

d,, = 24 mrad 

ox = 0.70-0.75 mm 

U~, = 14-16 prad 

Q, = 31.291 

s-12q 

21.1 ps 

9 (with 1440 ns spacing) 

10 (with 96 ns spacing) 

84 

1.8 x 10” 

1.3 ns 

13 mA (= 1.7-10” protons) 

20-500 h 

@, = 30 m 

CzY = 1.10 

l ,=4-5X10-9radm 

= 1.5 X lo-” radmh-’ 

d, = 0 

d,, = 0 

uY = 0.35-0.40 mm 

a,,, = 17-19 prad 

QY = 31.294 

s-12UY 

We note that the emittance of the proton beam was 
about a factor of 2 below the design values. This compen- 
sated partly for the ep luminosity loss due to low beam 
intensities. The emittance was measured at the begin and 
end of each fill. When in the following the distance 
between a target wire and the beam is quoted in units of 
the beam widths, the actual measured emittance (which 
varied by = 20% from run to run) is used rather than the 
nominal emittance. 

The maximum luminosity achieved in 1993 amounted 
to 1.6 X 1030 cm-* s-’ which is 10% of the design value. 
An integrated luminosity of 1088 pb-’ has been accumu- 
lated. 

The luminosity lifetime amounted on average to 6 h; it 
is dominated by the electron beam lifetime (typically 10 
h). The proton beam currents decay with much longer time 
constants, often larger than 100 h. The useful storage time 
of the proton beam is, however, not governed by the 

Horizontal Wires 
Vertical Wires 

T 
Flanges 

1Ocm 

Scintill 
Hodos “Beampipe 

1z 
10cm 

0 1.0 2.0 z/m 

Fig. 2. Sketch of the experimental setup for the internal target tests (side and front view). 
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current lifetime, but by a slow growth of the transverse 
beam emittance of l-3 X lo-” radm hh’ during ep colli- 

sion. The proton beam is typically aborted and refilled 

once per day. The proton injection and acceleration proce- 
dure took about 4 h on average in 1993. 

About 50% of the year 1993 was scheduled for lumi- 
nosity operation. About one third of the time was needed 
for injection, acceleration and tuning procedures, about 

one third for recovery from technical faults and about one 
third was spent in luminosity operation. 

3. Experimental setup 

The experimental setup is sketched in Fig. 2. The 
internal target is located 118 m upstream of the center of 
the HERA west hall close to the main collimator system. It 
consists of two movable target forks (See Fig. 3), one 
moving horizontally and one vertically. Each fork is 

equipped with one aluminum and one copper target ribbon, 

the dimensions and properties of which are listed in Table 
2. The forks are aligned such that the proton beam passes 
between the Al and Cu targets. Depending on the direction 
a fork is moved, either of the two targets on each fork can 
be driven into the beam halo, such that either a single 
horizontal or vertical ribbon or one horizontal and simulta- 

neously one vertical ribbon can be positioned in the halo. 
For the B experiment proposed in Ref. [6], multiple sets of 
target wires would be used, approaching the beam simulta- 
neously from all sides. The total mass of those wires will 
be roughly equivalent to a single wire in the present test. 

The interaction trigger is provided by plastic scintilla- 
tors close to the beam pipe, about 140 cm downstream of 
the target. The counters consist of 1 cm SCSN38 scintilla- 
tor and have an area of 30 X 30 cm2, with a central hole of 

0.6mm x 0.25 mm 

I I I 
-100 0 100 x/mm 

Fig. 3. Arrangement of target ribbons on the movable target forks. 

Table 2 

Properties of the target ribbons used for the 1993 tests 

Target Ribbons: 

Material 

Width along beam 

Transverse width 

Interaction length A, 

Radiation length X0 

Position (horizontal ribbon) 

Position (vertical ribbon) 

Al CU 

1.6 mm 0.6 mm 

0.4% A, 0.4% A, 

1.8% x, 4.2% X, 

0.25 mm 0.25 mm 

39.4 cm 15.1 cm 

8.89 cm 1.43 cm 

below beam above beam 

inside outside 

12 cm diameter for the beam pipe. For interactions at the 
target, they cover the range of polar angles between 40 
mrad and 110 mrad corresponding to rapidities between 
2.9 and 3.9 in the lab system. The 30 X 30 cm2 counter is 

split into an upper and lower halve, each coupled to a 
wavelength shifter bar and read out by a VALVO XP 

2011/03 photomultiplier. Two such systems are mounted 
behind each other. A coincidence between the signals from 

the upper or lower scintillators provides the trigger signal, 
with an efficiency well above 90% for inelastic pN interac- 
tions. Similarly, two sets of scintillators (VETO counters) 
are located 34 cm and 100 cm upstream of the target. Their 

purpose is to detect background events originating from 
protons lost upstream and to give timing information in 
order to detect backwards moving particles from interac- 
tions in the target. 

Some information on the event topology is gained from 
four small solid angle scintillator hodoscopes, each consist- 
ing of two plastic scintillators (53 X 7.5 mm2 and 89 X 89 

mm2>. Their total acceptance for detection of interactions 
in the target was measured to be = 60%. 

Tracking is provided by four small drift chambers, each 
consisting of 4 layers with 8 wires. The quadratic drift 
cells are defined by 14 field wires of 100 +rn diameter, 

surrounding the central 25 pm sense wire which was 
operated at 3050 V (using CF, as a drift gas). The cham- 
bers provide typical point resolutions of 500 pm. The 
tracking chambers have an active area of 17 X 8 cm2, 
which overlaps with the acceptance of one of the scintilla- 
tor hodoscopes. They are arranged such that the wire 
orientation alternates from chamber to chamber between 
horizontal and vertical direction. The purpose of the drift 
chambers is to verify that single tracks from interactions 
are really originating in the target. More details on the 
calibration and operation of the chambers can be found in 
Ref. [9]. 

The beam position is monitored by close-by HERA 
beam pickups. Their information is useful for measuring 
relative beam positions. The absolute distance between 
target and beam can be inferred indirectly: first, the 
(nearby) main collimator jaws are moved towards the 
beam from left and right (top and bottom) until the beam is 
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scraped equally on both sides (this can be performed with 
the help of loss detectors close to the collimators). From 
the collimator positions the beam position can then be 
computed in the collimator coordinate system. This yields 
a transformation between beam pickup and collimator 
coordinates. Secondly, the target position can be absolutely 
calibrated in the collimator coordinate system, using the 
fact that interaction rates rise sharply when the target is 
moved out of the collimator shadow. 

The data acquisition system is sketched in Fig. 4. The 
photomultiplier signals are amplified and shaped, and are 
fed into both discriminators and charge-sensitive ADCs. 
The BX signal of the first bunch (given by the central 
HERA bunch clock, derived from the RF system) starts 
TDCs for all scintillators and provides the gates for the 
ADCs. The TDCs receive the stop signals from the dis- 
criminators (or run into overflow if the signals are below 
threshold). Trigger signals are derived exclusively for the 
first BX in order to avoid pileup from preceding bunches. 
In parallel all scintillator signals are fed into a 40 MI-Ix 
Flash-ADC system which digitizes the full length of a 
bunch train. This provides additional information on the 
time structure of the signals and on the structure of events 
in bunches following the leading bunch [lo]. The Flash- 
ADCs are read out by a Motorola 68040 based VME 
micro-processor. Finally, the wire signals from the drift 
chambers are fed into a TDC system which measures 
drift-times for individual wires. The whole information of 
an event, containing the ADC and TDC readings for all 
scintillators, the Flash-ADC memories as sent by the VME 
system, and the drift-time measurements from the cham- 
bers are read via CAMAC by a pVAX3200 and written to 
tape. 

Since the readout on an event by event basis suffers 

from significant deadtime, all relevant logical combina- 
tions of scintillator signals are fed into scalers for all 
bunch crossings, and these dead-time free counting rates 
are independently recorded every second. Machine param- 
eters like the proton current, the beam lifetime, the beam 
pickup signals, and the loss rates on the collimator jaws 
are also recorded in time intervals between lo-60 and 1 
min. 

Background information from ZEUS and Hl is continu- 
ously displayed in the HERA control room and archived 
by the experiments. 

4. Target simulations 

4.1. General framework 

Simulation of the interaction of the beam halo and the 
target is a vital tool for the optimization of the target 
arrangement. It also provides a framework for a quantita- 
tive interpretation of the observed interaction rates and at 
the same time reveals some properties of the beam halo. 
The latter is an important aspect, since the phase space 
region of the extreme halo is expected to be populated by a 
complicated mixture of beam particles on quasi-stable, on 
diverging, and on chaotic trajectories. The phase space 
structure and the beam dynamics depend critically on the 
machine setup and on imperfections; in particular it is 
sensitive to the strength of betatron resonances of very 
high order [ll]. The understanding of the dynamics of the 
extreme halo is therefore a delicate theoretical challenge. 

Our simulations are based on highly simplified models, 
in which the complicated dynamics of the beam halo is 
globally parameterized as a diffusion process. Such models 

-- Common St0 p-l 

F MO 
AAU YA 
DST E 
CTP 

: Trigger 
* etc. 

Fig. 4. Sketch of the data acquisition system of the test experiment. 
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turned out to be successful in describing the loss rates This result changes if coupling exists between the trans- 

monitored by pin-diodes in the vicinity of the main colli- verse planes 3. In this case, the amplitude W is not a 

mators after movements of the collimator jaws [12]. The constant of motion, but beats between two extreme values. 

dynamics of the halo particles is in this picture governed The transverse position x(n) depends correspondingly on 
by the following processes: two phases: 

(1) Dijjksion: 
The halo is continuously populated from the beam core by 
diffusion-like processes. The diffusion constants are ex- 
pected to increase with a high power of the betatron 

amplitude [ll]. In the extreme halo (around 8 to 10 r.m.s. 
beam widths distance from the core) the diffusion becomes 

very large and particles are lost on the time-scale of 
seconds or even fractions of a second on the aperture 
limitations (collimators). The diffusion process is regarded 
as an effective description of the superposition and inter- 
play of all nonlinear effects in the machine. This includes 

nonlinear optics components from imperfections, beam-gas 
scattering, power supply ripple, and most importantly the 
beam-beam interaction force and its coupling to high 
order betatron resonances [II]. The diffusion is in this 

picture the only source of the finite current- and 
emittance-lifetimes. 

x(n) = W sin @(rz) sin V(n). (3) 

If the coupling strength is large enough, the second phase 
U(n) also randomizes during the lifetime of halo particles, 

and the hit probability changes to 

P,$‘“(D, W) = i/v’2 D P&D, W sin P) dly. 
arcsini 

(4) 

(2) Target Hits: 
Once a halo particle has reached betatron amplitudes large 
enough to hit the target ribbon, it will occasionally hit the 
target. The frequency of these collisions can be easily 

estimated by computing the beam phase space volume 
occupied by the target ribbon. 
In the case that no coupling between the two transverse 
directions exists, it is sufficient to analyze the transverse 
position of beam particles in the target direction. Let x(n) 

be the position of a halo particle after n revolutions at the 
target location. This can be expressed by 

x(n) = W sin G(n), (1) 

where W is the betatron amplitude (single particle emit- 

tance) and G(n) is the betatron phase. The latter can be 
expressed by @(n) = @, + n27rQ, where Q is the tune of 
the machine for the transverse plane under consideration. 
Since Q is not a simple rational number, the betatron 
phase randomizes after a few turns, on time scales very 

small compared to the typical lifetime of a halo particle. If 
the inner edge of the target ribbon is positioned at a 

distance D I W from the beam core and the transverse 
dimension of the target is 6,, the probability of a target hit 
is given by 

P,,,( D, W) = ;/u’ Srdxi2r’d@ 8(x - W sin @) 

For illustration, the hit probability is displayed in Fig. 5 for 

the cases of no coupling and maximal coupling as a 
function of W for D = 8~ = 2.8 mm, 6, = 250 p.m. 

Without coupling, the hit probability is typically of the 
order of 10% or less and the wire is hit once in lo-100 

turns. Coupling reduces the hit probability by more than 1 
order of magnitude. On the other hand, it increases the 
number of particles which achieve sufficient betatron am- 
plitudes to hit the target, since large vertical amplitudes 

gradually transfer into large horizontal amplitudes and vice 
versa. Coupling is therefore not necessarily expected to 
harm the target performance. 

(3) Interactions: 
A particle which hits the target ribbon may undergo a hard 
interaction with a target nucleus. The aim of the target 

optimization is to maximize the achievable rate of such 
interactions. Since the target material in the test experi- 
ment-amounts to fr = 0.4% of an interaction length (see 

Table 2), interactions take place on the average after 250 
target hits. For the hit probabilities discussed above, this 
implies that - depending on the coupling strength - a halo 
particle is absorbed after several thousand to several ten- 
thousand turns, corresponding to time scales of roughly 
0.1-l s. 

The interaction in the target is competing with the absorp- 
tion of particles on aperture limitations. The target can 

only absorb particles efficiently if the increase of betatron 
amplitudes due to diffusion during the mean time before 
interaction in the wire is smaller than the distance of the 
inner target edge and the shadow of the aperture limit. 

(4) Multiple scattering: 
Before a halo particle is absorbed, it has to traverse the 
target ribbon on the average l/fi = 250 times. Since the 
target material corresponds to fX = 1.8% (Al) or fx = 4.2% 

forD<W<D+S, 
= 

D + 8, (2) 
- - arcsin- 

W 

\ for W>D+S,. 

3 The assumption of strong coupling is realistic since HERA is 
operated close to the coupling resonance Q, = Q,, and since the 
halo is strongly affected by nonlinear effects, like beam-beam 
interaction, which in general introduce additional cross-plane cou- 
pling. 
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7 8 9 10 11 12 
w la,1 

Fig. 5. Hit probability per turn for the horizontal target ribbon, 
positioned at 8~ from the beam, as a function of the betatron 
amplitude for an uncoupled and a fully coupled beam. 

(Cu) of a radiation length, the angular width of the halo 
particles is blown up by the angular smearing due to 
multiple scattering 

This has to be compared to the natural beam divergence of 
dz = 8 prad and ,/x = 12 prad. Multiple scat- 

tering therefore amounts to a smearing of the betatron 
amplitude by 3-5~ (Al) and 5-7~ (Cu). This smearing 
has to be added in quadrature to the betatron amplitude 
(typically 8 to 12 u) of the halo particles. The correspond- 
ing widening of the beam halo is thus not very severe for 
the large betatron amplitudes under consideration. Never- 
theless, multiple scattering will increase the outward drift 
of halo particles and decrease the rate of target interactions 
to some extent, especially for the Cu target. These losses 
become much more drastic if tighter collimator settings are 
considered. One obvious way to reduce the effects of 
multiple scattering is to increase the angular beam size at 
the wire position by decreasing the p-function at this 
point. 

(5) Energy loss: 
When particles traverse the target material, they do not 
only undergo multiple scattering but also lose-some en- 
ergy. Since energy loss is continuously compensated in the 
HERA RF-cavities, the mean energy of the halo particles 
does not decrease but the dE/dx in the target leads to 
energy (synchrotron) oscillations. These oscillations in turn 
lead to betatron motions at the target because the disper- 
sion function does not vanish at this position (see Table 1). 
A halo particle loses typically 0.7-0.8 MeV per target hit, 

i.e. less than a fraction lo- 6 of its energy. For a spatial 
dispersion of d, = 0.82 m this amounts to a betatron 
oscillation amplitude of less than 1 pm. The effects of 
energy loss are therefore insignificant, even if hundreds of 
such synchrotron oscillations were superimposed coher- 
ently. 

After a target is moved towards the beam, the interac- 
tion with the halo leads to a readjustment of the beam 
profile. The halo which is outside the target position is to a 
large extent scraped away by the target and the diffusion 
causes the whole beam profile to readjust to the new 
boundary conditions. We therefore developed two kinds of 
target models, one in which the steady state situation can 
be analyzed in detail and a diffusion model to interpret 
transients and time scales observed after target movements. 
These models will be briefly described in the following. 

4.2. Single particle tracking model 

This model is useful to interpret interaction rates in the 
steady state model and to study their dependence on 
machine parameters. Single halo particles are generated 
with betatron amplitudes large enough to allow them to 
reach the wire target. The particles are then tracked through 
the proton beam guiding system until they are absorbed on 
the target or on aperture limitations. 

The following processes are included in the model: 
- Linear optics: The positions and angles of the halo 

particles are transported around the ring using single turn 
transport matrices as derived from the twiss parameters (Y 
and p of the HERA optics (see Table 1). Since the 
machine is run close to the coupling resonance Q, = Q,, 
we in addition artificially introduce (linear) coupling by 
assuming a skew quadrupole in a beam waist close to the 
wire target with focal length f given by 

1 2as 
_- 

7-m. 
(6) 

This leads to betatron amplitudes of halo particles beating 
between the horizontal and vertical direction with fre- 
quency S/T, with T= 21 p,s being the revolution time of 
a proton. Due to nonlinear effects dominating the halo 
dynamics, the effective value for S can be significantly 
larger than the difference between horizontal and vertical 
tunes (which is of the order 10K3). 

- Diffusion: The diffusion process is taken into ac- 
count by introducing an outward drift velocity v,(W) of 
halo particles at betatron amplitudes IV. For every single 
turn, the betatron amplitudes are randomly increased by a 
value between 0 and 2uo(W)T. Since it is known that the 
diffusion speed is very steeply increasing with amplitude, 
the drift velocity is parameterized as 
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where W,, corresponds to a typical position of the target 

ribbon, for our tests IV, = log. The parameters W, and K 

are not known a priori for the extreme halo. Some mea- 
surements exist, however, for much shorter distances 
around 5a [12]. 

- Target hits: If a proton hits a target, a multiple 
scattering is performed, using a purely Gaussian distribu- 

tion for the multiple scattering angle distribution. At the 
same time the energy of the particle is reduced by the 
mean dE/dx value and a synchrotron oscillation is 

launched. For every target hit, the particle is absorbed by 
an interaction with a nucleus with a probability according 
to the fractional interaction length of the target material 

(0.4%). 
- Losses: If a particle hits a collimator jaw it is 

immediately absorbed 4. We neglect the fact that particles 

may be scattered back from the jaws into the acceptance of 
the beam pipe these particles are lost immediately on 
secondary collimators or are absorbed on other aperture 
limitations within a few turns. 

Since the model uses a number of machine parameters 
which are not known (u(W,), K) or poorly known (shape 
of the aperture, coupling strength) its predictive power is 

small. The main purpose is to interpret the measurements 
of interaction rates in terms of the unknown parameters 
and therefore gain information on the dynamics of the 
beam halo. Once a reasonable range of parameter values is 
identified, the model can serve to optimize the design of 

the internal target and of the machine optics at the target 
location. 

4.3. Diffusion model 

In Ref. [12] a simple analytical diffusion model is 

developed which allows to compute the time dependence 
of the beam profile after movements of the collimators. 
The diffusion equation reads 

I, (8) 

where f(Z, t) is the beam profile and Z = W/W, is the 
scaled betatron amplitude, normalized to the maximal beta- 

tron amplitude given by the collimator position (WC). 
The diffusion constant R is assumed to be independent 

of W, an assumption which is in general not fulfilled, 
since diffusion effects are strongly dependent on the beta- 
tron amplitude [ll]. As shown in Ref. [12], it is neverthe- 
less possible to describe the dynamics of the halo close to 
the collimators by the simplified Eq. (81, if one interprets 
R as the local diffusion constant close to the collimators. 

4 We assumed that all other potential aperture limitations in the 
beam guiding system are totally shadowed by the collimators. 

The diffusion equation can be solved using the bound- 

ary conditions of vanishing particle current at W = 0, 

z&7 t) =o, 
z=o 

(9 

and vanishing particle density at the collimator jaw, 

f(Z = 1, t) = 0, (10) 

by expansion into first type Bessel functions: 

f(Z, t) = ZcnJo(AnJZ) exp( -AfGr). 
n 

(11) 

The constants A, denote the nth zeros of J,. For any 
initial beam profile fa(Z), the parameters c, can be com- 

puted using the orthogonality of the Bessel functions: 

(12) 

Analytical expressions are given in Ref. [12]. Since A, is 
increasing almost linearly with n, the high n components 

are strongly damped away by the time dependence in Eq. 
(12). Asymptotically the beam profile has the shape 

J,( Aa&) and the asymptotic beam lifetime is T= 

4/(AgR). The n = 1 and n = 2 terms have lifetimes which 
are already 5.3 and 13 times smaller. 

The transient behaviour after movements of the colli- 
mator can be computed analytically in the following way: 

(1) The beam profile just before the collimator move- 
ment is denoted by fo(Z). Typically the beam has reached 

an equilibrium state, so that fo(Z) =Jo(Aom). 
(2) The collimator is moved from WC to Kc. This 

implies a change in the scale Z: 

W. 

03) 

and in these new coordinates the initial beam profile 
immediately after the collimator motion reads 

for Ztic 5 WC, 

otherwise. 
(14) 

(3) This function is analytically re-expanded into Bessel 

functions according to Eq. (121, and the time dependence 
of the new beam profile in turn follows from Eq. (11). 

(4) Further collimator movements make use of the 
initial profile as computed in step 3 and are treated in 
analogy as in steps 2, 3. 

Strictly speaking, this model only applies for the case 
of boundaries defined by collimators. If the collimator is 
replaced by the target, the beam profile can extend beyond 
the target edge, since the target material is semi-trans- 
parent. The boundary condition is Eq. (10) is therefore 
smeared out. As will become clear in Section 6, the 
observed diffusion rates lead, however, to lifetimes orders 
of magnitude larger than the B(1.s) absorption time of halo 
particles by the target. For components of the halo which 
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evolve according to the above diffusion processes, the 
target can therefore in very good approximation be re- 
placed by a collimator jaw. 

5. Interaction rates in the target 

The results presented in this and the following sections 
were obtained from data taken during the 1993 luminosity 

operation of HERA. The target tests resulted in a total of 
55 h of data taking in 9 different fills of the proton ring. 

During the majority of the run time (52 h the machine was 

operated in stable ep luminosity mode. The rest of the tests 
were performed without electrons stored in the machine or 
during the injection phase of the electron ring. The proton 

current was typically more than one order of magnitude 
below the design current. The rate capability of the internal 
target can therefore be expected to improve by at least one 

order of magnitude during the next years. 

The primary goal of the internal target test was to 
demonstrate that high target efficiencies well above 50% 
can be achieved. Fig. 6 shows a typical target scan where 
the horizontal aluminum ribbon (see Fig. 3) was slowly 

moved towards the beam. The upper plot displays the 
distance of the target ribbon to the beam (in units of r.m.s. 
beam widths) as a function of time. The lower diagram 
shows the history of the trigger rate. With the wires in 

their rest position outside the aperture, a background 
counting rate of about 4 kHz is observed, mainly due to 

beam-wall interactions. It can clearly be seen that at about 
12~ the target leaves the collimator shadow and the 
trigger rate suddenly starts to rise. At a distance of 8a the 
trigger rate reaches 200-300 kHz. It remained at that level 

for about 1 h. During this time the rate changed only once 
due to a beam adjustment. Finally the wire was retracted in 
steps and the rate decreases. 

In order to provide a measure of target performance Besides the overall increase of trigger rate with de- 

which is independent of the current in the machine, we creasing distance of target and beam, the rates exhibit extra 

will define the target efficiency E= as the ratio of the rate structure connected to target movements. This can be seen 

of interactions in the target to the total rate, at which in a blowup of a small time interval of the scan in Fig. 6, 

protons are lost from the beam. At the 160 mA design as presented in Fig. 7. Directly after a target movement 

current and a current lifetime of 100 h, 6 X 10’ protons are towards the beam, the trigger rate rises sharply and then 

lost per second; the 30 MHz rate of the B experiment decays within a few minutes to a new steady state value. 

proposed in Ref. [6] requires a minimum target efficiency This behaviour is qualitatively explainable by the fact that 

of 50%. the target in its new position scrapes away the outer halo 

5.1. Wire scans 

12 - 

IO - 

8 - 
I I I I I 
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Fig. 6. Target (horizontal Al ribbon) distance to beam center measured in r.m.s. beam widths and trigger rate as a function of time. The 

region inside the dashed box is blown up in Fig. 7. 
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Fig. 7. Blow-up of a short section of the scan in Fig. 6. One bin corresponds to 10 s. 

until the beam phase space population has reached a new 
equilibrium. The inverse behaviour can be seen if the 
target is retracted (see Fig. 6). In this case the rates 
suddenly drop and then rise again until the halo is refilled. 
These aspects will be discussed in more detail in Section 6. 

5.2. Evidence for interactions in the target 

The observation of a large trigger rate is, strictly speak- 

ing, not a complete proof for the proper operation of the 
halo target. It could be imagined, e.g., that the target beam 
interaction somehow produces an enormous enhancement 
of the beam halo and an increased background all around 

10000 15000 

time(sec) 

the storage ring; the trigger counters could then be fired by 
particles generated in upstream beam wall interactions. 
There are however a number of convincing proofs for the 
wire as the dominant source of interactions: 

- There is no indication of any excessive target corre- 

lated background in the other HERA experiments (com- 

pare Section 10). 
- The fraction of triggers accompanied by VETO sig- 

nals drops drastically when the wire is moved in. This is 

demonstrated in Fig. 8a where the trigger rate (for a 
different run, see also Fig. 11) is shown together with the 
rate of hits of any VETO counter as well as of the 

coincidence of all four VETO counters. When the target is 

IO 

J 

x 10 

trigger rate(Hz) 

Fig. 8. (a) Trigger rate and rate of hits of any VETO counter, and coincidence rate of all four VETO counters as a function of time. (b) The 
same veto rates but as function of the trigger rate. The data stem from the scan shown in Fig. 11. 
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retracted, the majority of all triggers are accompanied by 
VETO signals. In 40% of the events even all four VETO 
counters are set in coincidence. We attribute these back- 
ground events to upstream interactions. When the target 
touches the beam halo, the fraction of events with the 
VETO immediately drops to the percent level. Triggers are 
therefore not due to events originating upstream of the 
target. It is interesting to note that the rate of single VETO 
hits is highly correlated with the trigger rate but stays 
suppressed by roughly 2 orders of magnitude. This is 
shown in Fig. 8b where the veto rates are plotted as a 
function of the trigger rate ‘. This indicates that occasion- 
ally single particles are backscattered when interactions 
take place in the target and hit single VETO counters. The 
single VETO events are therefore to a large extent due to 
interactions in the target and not to background events. 
The coincidence rate of all VETO counters, however, is 
uncorrelated with the trigger rate and its relative magni- 
tude drops to a negligible level when the target is moved 
into the halo (Fig. 8b). Interactions in the target thus do 
not produce large particle densities in the backward hemi- 
sphere (as expected), and these fourfold VETOs are en- 
tirely due to background events, typically high multiplicity 
showers originating a few meters upstream of the target 
and hitting all counters. The fact that the fourfold VETO 
rate is stable or even slightly decreasing implies that the 
internal target does not create any additional background 
for the test experiment. 

- The most striking evidence in favor of real target 
interactions is the observation of tracks in the drift cham- 
bers which point towards the target. Fig. 9 shows an 
example of an event with reconstructed tracks in the 
chambers. Fig. 10 displays distributions of the horizontal 
and vertical position of reconstructed tracks at the longitu- 
dinal location of the target for the cases that the upper 
(lower) horizontal ribbon is positioned inside the halo and 
for retracted target (background). The track intercepts are 
centered around the position of the target ribbons. The 
widths of the distributions ( = 7-9 mm) are consistent with 
the expected resolutions which are strongly affected by 
multiple scattering in the beam pipe exit window (see Fig. 
2). The vertical offset (of 4.4 f 0.5 mm) between interac- 
tions in the upper and lower target can be clearly seen and 
agrees with the vertical offset between the two target 
positions. As expected, in horizontal direction no such 
offset is visible. The mean horizontal and vertical impact 
parameters agree well with the measured beam position. 
Background tracks show much broader distributions of 
impact parameters which can be expected because their 
origins should be spread over many meters upstream of the 

5 The single VETO rate does not increase linearly with the 
trigger rate. This is due to multiple interactions in single bunch 

crossings, as will be discussed in Section 5.3. 

target. The resolution of the drift chambers is not high 
enough to assign tracks to targets on an event by event 
basis. The tracking system will therefore be upgraded in 
the future. 

5.3. Determination of peak interaction rates 

The run in Fig. 6 was taken with a very long proton 
beam lifetime of = 400 h, with a corresponding steady 
state proton loss rate of 1.2 MHz. Much higher rates are 
achievable with lifetimes of 100 h or below. In Fig. 11 the 
target scan with the highest trigger rates achieved up to 
now is displayed. In this run, the lifetime of the proton 
beam was rather low (around 20 h). The trigger rate 
reaches values of more than 3 MHz. 

The actual rate of proton interactions in the target 
ribbon is significantly higher than the trigger rate, once 
MHz rates are measured. The reason is that the trigger 
cannot resolve multiple interactions in a single bunch 
crossing. The peak trigger rate is therefore 4 MHz (corre- 
sponding to the bunch crossing rate for 84 bunches with 
47.3 kHz revolution frequency). Assuming that the number 
of interactions per BX obeys Poisson statistics, the trigger 
rate R can be related to the bunch crossing rate R,, the 
mean number of interactions per BX, n,,,, and the accep- 
tance of the trigger counters, E: 

R=R,(l -e-‘“Inl) = 
RDenlnt, for l nlnr -=z 1, 
R,, 

for l ntnt z+ 1, (15) 

or 

nlnt = -‘ln I-$ 
E 

( 1 0 
(16) 

The latter quantity is displayed in Fig. 11 for the high rate 
scan. It can be seen that up to two interactions per BX 
were produced at the highest trigger rates. The correspond- 
ing interaction rates are roughly 8 MHz. 

The above analysis depends on the assumption that 
Poisson statistics can be applied for the number of interac- 
tions per BX. As will become clear in Section 8, this 
assumption is in general not exactly correct, mainly due to 
fluctuations of the rates produced by the individual 

0 - uo i 
x vu; 

n n j 
I 0: 

” u 

2.00 ; 2.10 j 2.20 / 2.30 z/m; 

Fig. 9. Example of a target interaction with tracks in the accep- 

tance of the drift chambers. The wire hits are indicated by circles 

of constant drift time. T’he straight lines represent the rewn- 

strutted tracks. 
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bunches. An independent measurement of nlnt serving as a 
cross check can be obtained by studying the rate of a 
counter with much smaller efficiently E than the trigger 
counters, such that even for ntm = 2-3 the quantity ~nr~, 
is still well below 1. Then, the rate of this counter is 
always proportional to the target interaction rate (Eq. (15)). 
The scintillator hodoscopes are not suitable for this pur- 
pose, since their event acceptance is still too large. The 

VETO counters, however, serve this purpose well, since 
they are hit rarely (in roughly 1% of all interactions) by 
backscattered particles produced in the target (see Section 
7). The trigger probability E, in these counters is not 
known a priori, and is hard to determine reliably from 
Monte Carlo simulations. However, E” can be measured 
by comparing the VETO rate to trigger rate in a regime 
where the trigger rate is still a good estimate for the 
interaction rate. In Fig. 12a the ratio of the rate of VETO 
hits and the trigger rate is shown for the scan in Fig. 11 as 

impact parameter Y 
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background 1 
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Fig. 11. High rate target scan using the vertical Cu target together 
with the mean number of interactions per BX. 
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Fig. 10. Vertical (left) and horizontal (right) position of reconstructed tracks at the longitudinal position of the target for interactions in the 
upper (lower) horizontal target ribbon and for retracted targets (backgrond). Tbe curves are Gaussian fits to the central parts of the 
distributions. 
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Fig. 12. (a) Ratio of VETO and trigger rate (a) and of VETO and interaction rate ( p) for the scan in Fig. 11. (b) Relative rate of k-fold 
coincidences of the telescopes as a function of the trigger rate together with predictions of a statistical model (see text). 

a function of the trigger rate. Initially the ratio is big since 

the target is retracted and VETO hits are exclusively due 
to background events. As soon as the trigger rate increases 

due to real interactions in the target, the ratio drops sharply 
to the level of about l%, stays constant up to a trigger rate 
of 1.5 MHz and then starts to rise again. The latter effect is 

due to saturating trigger rates. If, on the other hand, the 
trigger rate is translated into interaction rates using the 
Poissonean correction in Eq. (16), the ratio stays constant 
up to highest trigger rates (also shown in Fig. 12a, curve 
/3). This indicates that the estimate of nlot can be used 
with confidence. 

These results are further corroborated by Fig. 12b 

8 10 

wire pEcition(o~ 
8 10 

wire piEWx~(a~~ 

which displays the fractions, fk, of triggers with a k-fold 

coincidence (k = l-4) of the scintillator hodoscopes as a 
function of the trigger rate. The fraction f4 increases quite 
strongly with increasing rate, an effect which is naively 

expected because fourfold coincidences become more 
probable when the mean number of interactions per BX 
increases. A more quantitative interpretation is possible 

under three assumptions (which are all only approximately 
fulfilled): 
(1) The number of interactions per BX obeys Poisson 

statistics. 

(2) The rate of k-fold coincidences is the same for all 
combinations of k scintillator hodoscopes. 

Fig. 13. Target efficiency as a function of the distance of target and beam center (measured in r.m.s. beam widths) for scans using (a) the 

horizontal Al ribbon (circles) and the horizontal Cu ribbon (asterices) in the same proton fill, and (b) the horizontal Al ribbon in a different 
fill. 
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(3) The background contributions can be neglected. 
If pk are the probabilities for exactly k scintillators hit in 

coincidence for single interactions (they can be measured 
at small trigger rates where multiple interactions per BX 
are extremely rare), the probability, Qi, for a k-fold 
coincidence in n superimposed but uncorrelated interac- 
tions can then be computed by the recursion relation 

Q,” = %, (17) 

where N( = 4) is the number of scintillator hodoscopes. 

The fraction, fk, of k-fold coincidences follows from 

(19) 

The prediction of this simple model is also shown in Fig. 
12b using the coincidence probabilities measured at low 

rates ( p0 = 0.41, pr = 0.24, pa = 0.17, p3 = 0.12, p4 = 
0.06). The agreement with the measured fractions is satis- 
factory within the simplifications of the model at rates 

high enough that the background rate (= 4 kHz) can be 

neglected. 

5.1. The target efficiency 

The total trigger rate discussed in Section 5 depends on 
machine parameters like the total current and the beam 
lifetime. In order to quantify the quality of the internal 

target, the target efficiency er was introduced. It is de- 
fined by the fraction of protons interacting in the target, 
compared to all protons leaving the machine. The target 
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efficiency can be computed from the beam lifetime, TV, the 

total number of stored protons, Nr, and the interaction rate, 

8, which is derived from the trigger rate according to Eq. 

(16) (and N = (nI,,R,,): 

ET = sti. 
P 

The target efficiency can only be estimated reliably when 
the rates have reached an equilibrium state. The spikes of 

the trigger rates observed after moving a target towards the 
beam correspond to momentary reductions of the beam 

lifetime. Given the finite precision of the proton current 
measurement from beam pickup signals, this reduction 
cannot be measured on the short time scales of the spikes. 

For equilibrium states the lifetime was estimated by expo- 
nential fits of the beam current over time intervals which 

were by an iterative procedure adjusted to correspond to a 

fixed (small) fraction of the beam lifetime. For target 
efficiencies of 50% and the machine running at design 

currents, the rates necessary for a B experiment require 
that the beam lifetime does not exceed 100 h. 

In Fig. 13a the target efficiency is displayed as a 

function of the distance of target and beam center (mea- 
sured in r.m.s. beam widths) for a scan in which first the 
horizontal Al ribbon (this scan is shown in Fig. 6) and 

afterwards the horizontal Cu ribbon was moved towards 
the beam. The beam lifetime was about 400 h. As soon as 

the target leaves the shadow of the collimator jaws (posi- 
tioned around 12 ~1 the target efficiency starts to rise 
quickly. At distances of 7-9~ efficiences > 60% are 
reached for both target materials. 

The detailed dependence of the target efficiency on the 
target position is different from fill to fill and depends 

especially on the exact structure of aperture limitations. 
Fig. 13b shows another example of a scan of the horizontal 

v 

t 

Fig. 14. Trigger rate (a) and target efficiency (b) as a function of the horizontal position of the vertical collimator jaw (measured in r.m.s. 
beam widths) for two fixed positions of the vertical Al ribbon (dots: = 6.5~; triangles: - 5~). 
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Fig. 15. Prediction for the target efficiency for target distances of 

8cr (9%) as a function of the coupling strength. All other 

parameters are identical to those used in Fig. 13a. 

Al ribbon. The beam lifetime was = 200 h in this case. 
The target leaves the collimator shadow at a distance of 
9.5~; the efficiency then increases sharply and saturates at 
70% already at a distance of 8.5a. In Fig. 14 the impor- 
tance of the collimator position was studied systematically 
by driving in the vertical collimator jaw with two fixed 
positions of the vertical Al target ribbon. It can be seen 
that the observed rates (and target efficiencies) increase 
rapidly when the collimator jaw is moved out. 

The target efficiency can be interpreted in the frame- 
work of the single particle tracking model described in 
Section 4.2. The relatively slow increase of cr, observed 
in Fig. 13a, can only be explained, if the drift velocity is 
large and strongly increasing with the betatron amplitude 
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(a behaviour which is qualitatively expected [ll]). The line 
in Fig. 13a represents the model predictions 6 for vo 
(10~) = 2Ou/s and K = 23, using the aluminum target 
and assuming the collimator jaws to be positioned at 12~7. 
These parameters can also describe the measurement in 
Fig. 13b reasonably well if the vertical collimator jaw is 
moved to 9.5 u. The slight increase of the target efficiency 
at distances between 11 and 9.5~ may be due to the 
detailed structure of the aperture boundary. No attempt 
was made to fit this structure with the model. The differ- 
ence between the target efficiency of the Al and Cu target, 
visible in Fig. 13a, is probably due to a change of condi- 
tions between the two scans. Since the two ribbons have 
the same width and represent the same fraction of an 
interaction length, the target efficiency of the Cu ribbon 
can under identical conditions never be larger than that of 
the Al target due to the larger multiple scattering in the Cu 
ribbon. 

The target efficiency is not only affected by the struc- 
ture of the aperture limitation and the magnitude of the 
drift velocity, but it is also sensitive to the cross plane 
coupling in the beam. The predictions in Fig. 13 corre- 
spond to a large coupling strength of 6 = 0.01. In Fig. 15 
the target efficiency in Fig. 13a, at a fiied target position 
of 8.5a, is displayed as a function of 8. It is clearly seen 
that the target efficiency decreases towards smaller cou- 

6 The background contribution to the target efficiency, taken 

from the data in case the target ribbon is positioned beyond the 

collimator shadow, is added to the results of the model. 
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Fig. 16. Rate development (a) after a retraction of the target by = 0.30, and (b) after a target movement of = 0.15~ towards the beam. 

The data stem from the scan in Fig. 6. The full curve shows the fit of the diffusion model, the dashed curves denote the contributions of two 

components with different diffusion constants (see text). 
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pling strengths. This is a result of the fact that, without 

coupling, halo particles with uX > uY have little chance to 

be absorbed in the target before hitting the horizontal 

aperture limit. 

6. Transient behaviour of rates 

While the steady state rates give insight into the target 
efficiency, the transient behaviour observed after move- 
ments of the target can be used to obtain information about 

the dynamics of the beam halo. In this section we interpret 
the response of the trigger rates to target movements 
towards the beam or away from the beam in the frame- 

work of the diffusion model, described in Section 4.3. 
The rate development after a retraction of the target is 

most sensitive to details of the diffusion processes. In this 
case, the rate first drops to a background level and then 

slowly grows again, while the halo is expanding outwards. 
An example, taken from the scan in Fig. 6, is shown in 
Fig. 16a. The target was operated at a distance of = 8a 
from the beam core and retracted by = 0.3~. Directly 
after the target movement, the rate increases quite steeply 
for about 50 s, at which point the slope changes abruptly to 
a smaller value. This kink in the rate development was also 
observed in other trials and is not due to a change in beam 
conditions. 

In the framework of the diffusion model, the first 50 s 
after the target retraction can be very well described with a 
diffusion constant Rt,, = 0.14 h-l, corresponding to an 
asymptotic lifetime 7rast = 4/(AgRr,,,) = 5 h. The fit is 
shown as a dashed line in Fig. 16a. For At > 50 s the 

extrapolated rate from the fit saturates and falls below the 
data. This long-term increase of the rate can be again 
described very well by the diffusion model, if a second 
component of the halo with a smaller diffusion speed is 
hypothesized. The fit, also shown as a dashed line in Fig. 
16a, yields Rslow = 0.005 h-l, corresponding to an asymp- 
totic lifetime of 7+_+, = 140 h (which is of the same order 
of magnitude as the overall beam lifetime). At large times 
(towards the new equilibrium rate of several 100 kHz) the 

trigger rate is totally dominated by this slow component. 
The sum of the two contributions is represented by the full 
line in Fig. 16a, and is in perfect agreement with the 
measurements over the full time interval. 

The second case, i.e. a target step towards the beam, is 
shown in Fig. 16b. The target is moved by about 0.15~ in 
this case. After the movement, the rate increases from a 
few 100 kHz to several MHz and then decays rather 
quickly. Qualitatively, this behaviour is explained as fol- 
lows: in the first second or so, the halo extending beyond 
the new position of the inner edge of the target is cleaned 
out. After that, however, the particle density right inside 
this position is still well above the equilibrium density, and 
particles continue to diffuse into the range shadowed by 

the target ribbon at a high rate. Only after much longer 

times the particle density and hence the rate have reached 

a new equilibrium, described by the asymptotic terms in 

the solution of the diffusion equation. Due to the high 
counting rate, one does not expect to be sensitive to a 
small contribution of the fast component of the halo. The 
rates should be almost entirely explainable by the slow 
component alone. The full curve in Fig. 16b represents the 

superposition of fast and slow component as predicted by 
the diffusion model with parameters fixed to those ob- 

tained from the fits to Fig. 16a. The dashed curves indi- 
cates the individual contributions of the fast and slow 
components. As expected, the rate from the fast compo- 

nent is much smaller than that from the slow component. 
Apart from the first few seconds, where the observed rates 
might be affected by the clean-up of the halo beyond the 

inner edge of the target ribbon, the agreement with the data 
is good within the fluctuations of the measured rates (most 

probably caused by slight changes in machine conditions). 
In summary, it is possible to explain the observed 

transient behaviours consistently with a single set of diffu- 
sion constants. The lifetimes obtained from these diffusion 

constants are, however, in the order of many hours. This is 
in drastic disagreement with the fact that the tracking 
model requires quite large drift velocities (= 2Og/s at 
lOa and = O.lu/s at 8~) in order to explain the finite 
target efficiencies. These drift velocities lead to lifetimes 

of the order of a second. At lifetimes of several hours, the 
target efficiencies would rise to unity very steeply when 
the target moves out of the collimator shadow. This contra- 

diction between the two aspects of halo dynamics can only 
be due to the drastic simplifications of the halo models. 

One might speculate that the discrepancy could be due 
to the fact that the halo phase space consists of a mixture 
of stable, quasi-stable and chaotic regimes. The density of 
chaotic regions increases steeply with increasing betatron 
amplitude. Particles which enter chaotic phase space re- 
gions move on erratic trajectories and will be lost abruptly, 
without performing a continuous drift towards large ampli- 
tudes. Such particles are probably not absorbed by the 

target with high efficiency. The slow moving components, 
however, will be totally absorbed and are responsible for 
the observed interaction rates. If transient behaviour is 
analyzed, one is therefore blind to the chaotic parts of 
phase space, and measures exclusively diffusion constants 
for stable or quasi-stable regions of phase space. The 
resulting time constants should hence be comparable to the 
beam lifetime. If target efficiency is considered, on the 
other hand, the full loss of beam current is taken into 
account, irrespectively of its origin. The finite target effi- 
ciency would thus be a measure of the fractional volume 
of chaotic phase space regions inside the boundary given 
by the target position. Consequently, the apparent drift 
velocity would be an average of that of the diffusing halo 
and the effective drift velocity of chaotic trajectories. With 
decreasing distance of target and beam, the fraction of 
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Table 3 
Fractions, fk, of k-fold coincidences of the four hodoscopes for 
single interactions together with the predictions of event genera- 
tors combined with detector simulation. Also shown are the same 
fractions f” for background events (see text) 

k fk measured fk predicted f:” measured fcG predicted 

0 0.41 0.41 0.52 0.53 
1 0.24 0.28 0.18 0.20 
2 0.17 0.18 0.12 0.10 
3 0.12 0.10 0.09 0.08 
4 0.06 0.03 0.09 0.09 

chaotic regions, not shadowed by the wire, decreases and 
the target efficiency increases. 

A more quantitative interpretation of the observations 

would require a highly involved analysis of the beam 
phase space structure, and is certainly far beyond the scope 
of this paper. We would like to stress, however, that 

apparently the target rate measurements are able to reveal 
quit subtle details about the structure of the beam halo at 
HERA, and may give important experimental input to 

beam dynamics calculations. 

7. Event topology 

Without a sophisticated detector it is hard to gain 

detailed information on the structure of the events pro- 
duced in the target interactions. Some cOarse features can, 

however, be measured using ADC pulse heights and TDC 
times for the scintillators. 

A measure of the particle density distribution in single 
interactions can be obtained from the fractions fk of k-fold 

coincidences of the four hodoscopes. We use events taken 
at relatively modest trigger rates, to avoid the effect of 
multiple interactions in a single BX. The results are listed 
in Table 3 together with those obtained for the case of 
background events taken when the targets were retracted. 
The coincidence pattern of target events is distinctly differ- 
ent from the pattern for background events. The back- 
ground trigger - caused by upstream interactions and 
showers - are characterized by higher particle densities 

and an increased rate of three and fourfold coincidences. 
Also listed in Table 3 are the predictions obtained from 

simulated proton-nucleon interactions, using the FRITlOF 
event generator [14], tracked through the test setup using 
the GFL~NT [15] package for the detector simulation. For 
the case of background events, protons were assumed to 
interact anywhere in the beam pipe material up to 10 m 
upstream of the target position. The agreement between the 
simulations and the measurements is good. Only the frac- 
tion of fourfold coincidences from interactions in the target 
is somewhat too small in the predictions. The most proba- 
ble reason is the fact that the rather complicated and very 
massive mounting of the detector as well as the beam line 

components (none of which have been optimized for mini- 
mal total radiation length) are not taken into account in full 

detail in the simulations and therefore the number of 
secondary interactions is underestimated. Since the same 
simulation was used to estimate the acceptance of the 
trigger counters for target interactions, the result u 95% 
for this quantity has to be regarded as a lower limit. 

Single and multiple coincidences of scintillator ho- 
doscopes correspond on the average to different particle 

multiplicities produced in the interactions in the target 
ribbon. The particle multiplicity, on the other hand, is 
reflected by the ADC spectra of the trigger counters. Fig. 

17 displays the AJJC spectra of the trigger counters for 
events in which only one hodoscope was fired and for 
events in which all four hodoscopes fired simultaneously. 
The spectra clearly demonstrate that the fourfold coinci- 
dences correspond on the average to much higher multi- 
plicities, possibly connected with multiple interactions per 

BX. 
Target interactions and background can be very clearly 

distinguished when analyzing the particle density in the 
backward hemisphere: Fig. 18 displays the ADC spectra 
obtained from the VETO counters for the case of retracted 

target (background) and for the case of target interactions. 
The background spectra are very flat and have a large 
overflow, compared to the pretty narrow spectrum ob- 
tained from interactions in the target. This agrees with the 

expectation that background events are very busy and 
often consist of big showers hitting the counters. In target 

interactions, however, the multiplicity of particles scattered 
backwards is very small, and VETO counters are mostly 

hit by single particles. 

5 
0 

i 

0 500 

ode-channel 

Fig. 17. ADC spectra of the trigger counters for target interactions 
with a single hodoscope fired and with all four hodoscopes fired. 
The spike at the right edge represents ADC overflows. 
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Fig. 18. ADC spectra obtained from the VETO counters for the 
cases of bakground running and interactions in the target. The 
spike at the right edge represents ABC overflows. 

Fig. 19. Time delay between the TDC stops of the trigger counters 
and the VETO counters in the cases of background events with all 

VETO counters firing and target interactions with a single VETO 
counter set. One TDC channel corresponds to 0.1 ns. 

Backscattered particles can originate in secondary inter- 
actions in the material of the detector or the beam guiding 

system; they can also be due to nuclear fragments, very 
soft and isotropically emitted particles (mostly protons) 
from proton nucleus interactions [13]. If the veto is set by 
particles from upstream background reactions, particles 

will hit the veto counter about 6 ns earlier than the trigger 
counters. In contrast, slow fragments or backscattered par- 
ticles caused by reactions in the wire should reach the veto 

counters with a time delay. Fig. 19 represents the delay 

between the TDC stop signals of the trigger counters and 

the VETO counters for the cases of fourfold VETO events 
(background running) and target interactions in which a 
single VETO is set (the absolute time scale is arbitrary 

since no absolute TDC time calibration has been done). It 
is indeed observed that the single VETO hits in target 
interactions are delayed by several ns with respect to 
background events. 

10 20 30 40 50 60 70 80 90 

bunch 
Fig. 20. Mean interaction rate (a) and current (b) per bunch as a function of bunch number. The dashed lines indicate the boundaries 

between consecutive bunch trains. 
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8. Rate fluctuations in the interaction rates 

Up to now the analysis concentrated on time averaged 
quantities like mean interaction rates per BX or trigger rate 
per second. The performance of a high rate B experiment 

would, however, suffer from interaction rate fluctuations 
since the detector can only disentangle a certain maximum 

number of superimposed interactions in one BX. There are 
three sources of such fluctuations: 

(1) Poissonean fluctuation of the number of interac- 
tions per BX in every bunch. 

(2) Bunch to bunch variations due to non-uniformities 

in the injection procedure of the storage ring. These in- 
clude, e.g. variations in bunch currents, variations in the 
bunch emittances or variations in the orbit from bunch to 

bunch. 
(3) Rate variations due to external disturbances of the 

beam. These include power supply ripples, vibration of the 

beam guiding system due to motors, pumps etc., as well as 
ground tremor. 
The first, purely stochastic fluctuations can of course not 

be avoided and will ultimately limit the interaction rate to 
be recorded by the detector. The second and third source 
of fluctuations are of external origin and can possibly be 

avoided to a large extent. They will be discussed in the 
following sections. 

8.1. Bunch to bunch variations 

Bunch to bunch variations of the interaction rates can 
be studied experimentally using the pulses of the trigger 
counters as recorded by the Flash-ACD system. Fig. 20a 
shows the interaction rate per BX as a function of bunch 
number for a mn where these variations are particularly 

strong ‘. Note that the last 6 bunches do not collide with 
the electron beam and do therefore not contribute signifi- 
cantly to target interactions since their halo is not well 
populated. For the other bunches the interaction rates vary 

by an order of magnitude. In addition, a systematic struc- 
ture within the bunch trains of ten consecutive bunches can 
be recognized. This clearly points to a systematic problem 
connected to the injection procedure, like de-adjusted 
kicker timing or insufficient lengths of the kicker flat top 

phases. 
Fig. 20b displays the bunch current (arbitrary units) for 

the same run, as measured from the pulse heights of the 
beam pickup signals, as a function of bunch number. 
Although two bunch trains are systematically low in cur- 
rent by SO%, the overall current variations are very small 

’ Since bunch 1 is the trigger bunch and is therefore biased to 

always leave pulses in the Flash-ADC spectra, its mean interaction 

rate cannot be determined in this way. 
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Fig. 21. Distribution of the number of interactions per BX for the 

situation in Fig. 20, scaled to an average interaction rate of 3/BX 

(full histogram). The dashed histogram represents a Poisson distri- 

bution with mean value 3. 

as compared to the observed variations in interaction rate. 
This indicates that the rate variations are mainly due to 
significant bunch to bunch variation of emittances. 

In the run shown in Fig. 20, the bunch to bunch r.m.s. 

variations of the interaction rate is 66%, the variation in 
the current is 20%. On average, fluctuations were smaller, 
about lo-20% in the bunch rate and lo-20% in the bunch 

currents. 
In Fig. 21 the consequences of these quite extreme 

bunch to bunch variations are demonstrated for an experi- 
ment operated at an average interaction rate of 3/BX. The 
full histogram represents the distribution of the number of 
interactions per BX, if the situation shown in Fig. 20a is 
scaled to ( nlnt > = 3. Superimposed is a Poisson distribu- 
tion with mean value 3, expected if no variations were 
present. If the detector could handle up to 6 superimposed 

interactions, about 11% of all events (30% of all interac- 
tions) would be lost. In the case of the typical observed 
bunch to bunch variations, the corresponding number is 
3.6-4.2% (9.0-10.7%) and for the purely poissonean fluc- 
tuation 3.4% (8.4%). 

In conclusion, the observed bunch to bunch variations 
can in extreme cases affect the performance of a high rate 
experiment. It is important that the injection procedure is 
carefully tuned and is to a large extent reproducible in 
quality. It should be stressed that the above example was 
the most extreme case observed. In typical runs the bunch 
to bunch variations were small enough (lo-20%) to be 
acceptable. 
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Fig. 22. R.m.s. variation of the number of triggers per beam revolution (a) and the number of triggers per nine beam revolutions (b) as a 

function of the corresponding mean value. The full lines represent the model using a convolution of the ideal expected binomial distribution 

for 84 (9 X 84) bunches with a Gaussian of a relative width of 13% (see text); the dashed lines are the same prediction without convolution 

with a Gaussian. 
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Fig. 23. Frequency spectra of the trigger signal derived from the test experiment. 
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8.2. Rate modulation 

In order to provide a measure of longer term modula- 
tions in the interaction rates, the number of triggers was 

repeatedly counted for a time of one beam revolution and 
for a time of nine beam revolutions during a target scan. 

We denote by N the total number of bunches counted (84 
or 756 = 9 X 84), and by n the number of triggers from 
these bunches. The mean trigger probability is p = (n)/N. 
For purely statistical rate variations, the probability to 

observe n triggers is described by a binomial distribution 
b(n, N), with an r.m.s. width 

a(n>=d_=&Z) I-$). 
/--- 

(21) 

In Fig. 22 the observed r.m.s. fluctuation of the trigger rate 
n is plotted as a function of its mean value (n). The 
dashed line shows the expected width of the binomial 

distribution. For small values of (n) data are consistent 
with the expectation; at larger values of (n) the fluctua- 
tions are larger than the predictions, and&) is propo- 

tional to (n} rather than to J<7;i Data are well described 
over the full range, if the binomial distribution is convo- 

luted with a Gaussian of relative width of 13%, as can be 
seen from the full lines in Fig. 22. 

Obviously, beam parameters relevant for the interaction 
rate fluctuate on time scales long compared to the time 
needed for 9 revolutions, or 180 ps, equivalent to frequen- 
cies in the kHz range or below. This external noise compo- 
nent of 13% is equivalent to a beam position jitter of 
IO-20 p,m (or jitter in any other beam parameter which 

affects the trigger rate, like beam emittance). This is a 
small fraction of the r.m.s. beam width (see Table 1). 
Although modulations in the trigger rate are visible, their 
magnitude is not large enough to affect a B experiment 

significantly. 
It is nevertheless interesting to search for the sources of 

rate modulations in order to understand whether they 

might be avoided in the future. Fig. 23 shows frequency 
scans recorded by a frequency analyzer which was fed 
with the trigger signal of the test experiment. Clearly seen 
are the harmonics of the revolution frequency (47 kHz), 
but also side bands at very low frequencies, at 50 Hz and a 
structure around 600 Hz. The latter two frequencies are 
characteristic for the power supplies used at HERA. The 
structures at lower frequencies are more likely to be 
connected to mechanical vibration resonances in the beam 
guiding system. Similar modulations have been observed 
in other machine related quantities like the tunes, orbits 
and the loss rates on collimators 1161. 

9. Rate control 

One important aspect of the operation of a high rate B 
experiment is the continuous position control of several 
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Fig. 24. Left-right (a, cl and up-down (b, dl asymmetries of the 
hodoscope rates measured in scans of the vertical Cu target (a, bl 
and the horizontal Cu target (c, d). 

halo targets surrounding the beam, in order to guarantee 
that the interaction rates stay constant and are equally 
distributed over all wires. This goal can in principle be 
achieved by two feedback loops which act on quantities 

which are essentially orthogonal: 
(1) Absolute rate feedback: This feedback loop is fed 

by the total trigger rate and it reacts by moving simuhane- 
ously all target wires inwards or outwards. In first approxi- 
mation, this does not change the relative rates from target 
to target. 

(2) Relative rate feedback: This feedback loop is fed 
by the individual interaction rates from the different target 
wires. This can for example be achieved using online event 
reconstruction in the DAQ chain of the experiment. Less 
sophisticated methods are discussed below. The feedback 
then moves targets with high relative rates outwards and 
those with low relative rates inwards, such that the total 
rate is in first approximation unaffected. 

The absolute rate feedback was implemented and tested 
during the 1993 running period. The target was in this case 
operated directly by the main control system of the HERA 
proton ring which was fed with trigger rates and target 
positions by a dedicated front end control PC in the test 
experiment counting area. During a half hour test, the 
trigger rate was successfulIy stabilized on a pre-set value 
of 1 MHz. No instability in the feedback system was 
observed. 

The relative rate feedback is much more complicated 
and could not be tested in practice up to now. It is likely 
that the position of online reconstructed vertices will be 
the input to the feedback in a large and sophisticated B 
experiment. There are, however, also much simpler tools 
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which are probably not as accurate but possibly usable 
already in the present test experiment. 

(1) It is conceivable that the target temperature or an 
electric current drawn by the target are a good measure of 
the rate of protons crossing the target material. These ideas 
would require modification of the target mounting and can 
not be tested at the moment. 

(2) When the target is moved, its transverse distances 
to the scintillators of the hodoscopes change. This has two 
effects which are expected to be of similar magnitude 
(from FRITIOF simulations): With increasing distance to a 
target ribbon, the solid angle covered by a scintillator 
hodoscope decreases. At the same time, the particle flux 
through the scintillator decreases due to the steep polar 
angle distribution of particles generated in the interactions. 
The relative change of the hodoscope rate is expected to be 
of the order of 1% for a 1 mm target movement. Such 
effects were indeed observed very cleanly. Fig. 24 displays 
the left-right and up-down asymmetries. 

RI_ -RR 
A,,= ~ A 

Ru -Rv -p 
R,fR,’ UD- R,+R,’ 

(22) 

for events in which at most three hodoscopes fired (events 
with fourfold coincidences do not contribute to a rate 
asymmetry). The quantities R,, R,, R, and R, denote 
the rates measured with the left, right, upper and lower 
hodoscope. The asymmetries are displayed for individual 
scans of the vertical and the horizontal Cu ribbon. As 

expected, the left-right asymmetry changes during the 
scan of the vertical target and the up-down asymmetry 
during the scan of the horizontal target. For the other two 
combinations the influence of the target position is smaller 
(the residual effect is due to the fact that the hodoscopes 
are not exactly oriented in left, right, upwards and down- 
wards directions). For a target movement of 1 mm the 
relevant asymmetries change by l-2% which agrees with 
the expectations. 
This observation can be exploited for a simple but effec- 
tive relative rate control. Fig. 25 shows a lego plot of the 
distribution of the two asymmetries measured during the 
time of a series of scans of the horizontal and vertical Cu 
target. Clearly seen are two well separated peaks in the 
A A,, space corresponding to situations where only 
oki’of the two targets is positioned in the halo. The third 
peak in between represents the situation where both targets 
are moved close to the beam and equally sharing interac- 
tions. It is obvious that this opens sensitive and simple 
tools for automatic control of the relative target rates. 

10. Compatibility with ep operation 

We have shown above that very high interaction rates 
are achievable with internal targets in the HERA proton 
ring. A successful operation of a high rate target requires 
in addition that neither the smooth machine operation is 

I 
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Fig, 25. Distribution of rate asymmetries measured during a series of scans of the horizontal and VekA CU ta%et. 
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jeopardized nor any excessive backgrounds are produced 
which could deteriorate the performance of other HERA 

experiments. 
As far as the machine operation is concerned, no 

negative effect of the presence of the internal target was 

noticed. In particular, the target did not affect the beam 
orbit, the emittances or the tunes. The only exception in 
the lifetime of the beam which is affected after every 
target movement. This change of lifetime is dominated by 

the halo lifetime and does not concern the lifetime of the 
beam core, i.e. the luminosity lifetime. If, e.g., the target 

moves towards the beam, some halo is scraped away and 
the apparent beam lifetime decreases. As soon as a new 
equilibrium beam phase space population is reached, the 

lifetime has normally recovered to roughly its old value. If 
the target is moved away from the beam, the opposite 
phenomenon is observed: Until the halo (which starts to 

expand again) arrives back at the target, the apparent beam 
lifetime becomes very large and finally settles back around 

the old value. 
It should be noted that in several occasions the natural 

lifetime of the proton beam was observed to be extremely 

large (in the order of several 100 h). If this is the case even 
with the machine running at design currents, the necessary 
interaction rate of a B experiment can only be achieved by 
running the target sufficiently close to the beam such that 
the lifetime decreases to an equilibrium value of 100 h. 
This could introduce a minor loss of luminosity for the ep 
experiments. 

Concerning the interference with other experiments 
three aspects should be mentioned: 

- Background to the ep detectors: The backgrounds of 
the ep experiments were monitored during all test runs and 
were never drastically increased by the target. As an 

example, Fig. 26 display the ZEUS background counting 
rate [17] observed during a target scan with wire steps of 
30 pm and trigger rates of up to 1 MHz. The target 

movements can be noticed as small spikes in the back- 
ground rate. No long term deterioration of running condi- 
tions can be seen. 

- Neutral Background along the beam axis: The main 
detectors are blind to such a background component since 
neutral particles are not deflected into the detector. How- 

ever, a neutron calorimeter, positioned behind the first 
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Fig. 26. Background counting rates observed by the ZEUS background detectors during a target scan with wire steps of 30 pm and trigger 

rates of up to 1 MHz. 
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dipole magnets (100 m downstream of the ZEUS detector) 

and covering the acceptance of 0” neutrals, was commis- 

sioned during the last running period [17]. The background 

in this instrument turned out to be highly sensitive to 
smallest variations of beam conditions and showed amongst 
other sources a clear sensitivity to the internal target. It 
still has to be clarified whether the observed background 
might be prohibitive for routine running [17]. 

aperture, the observed dependences of target efficiencies 

on the target positions can be qualitatively understood. The 
models indicate that the aperture, defined by the main 

collimators, as well as the p function at the target position 
are the decisive factors for the magnitude of the target 

efficiency. 

- Forward detectors in the vicinity of the beam. The ep 

experiments are now operating forward detectors which 
are mounted inside “roman pots” and can be moved close 

to the beam. Clearly, in routine running, these detectors 
should be protected from beam losses and should be 

shadowed by the main collimators (typically positioned at 
lOa). If, however, due to misalignment of detectors or 
mis-steering of the beam orbit the detectors themselves 

become aperture limiting (and hence unprotected), they 
start to compete with the internal target in absorbing the 
beam halo. Such an incidence was observed once during 
the commissioning phase of the ZEUS forward detectors in 

1993. Due to orbit mis-steering the detectors moved in to a 
distance of about 5 r.m.s. beam widths and totally shad- 
owed the internal target. The counting rate dropped from 

the MHz range to a value smaller than the normal back- 
ground rate and recovered immediately when the ZEUS 
detectors were moved out again. In order to allow the 

running of a high rate experiment with an internal target, it 
is therefore important to carefully control all other detector 
components which are operated in the vicinity of the beam 
and verify that they are at all times well shadowed by the 
protecting main collimators. 

The halo particle dynamics can be studied by analyzing 
the transient behaviour of event rates after target move- 

ments. The transients could be explained in the framework 
of diffusion models where the lifetimes of the diffusing 

halo components are comparable to the beam lifetimes. 

This observation is in contradiction to the interpretation of 
target efficiency within single particle tracking models, 

based on diffusion-like processes. We conclude that only 

part of the halo is subject to pure diffusion. The rest might 
be identified with chaotic regions where particles move on 
erratic orbits and can be lost abruptly. 

The observed event topology shows evidence for very 
slow particles, possibly nuclear fragments or particles from 

secondary interactions, scattered backwards from the target 
(or surrounding material of the detector or the beam 
guiding system). The relative k-fold coincidence rates of 

scintillator hodoscopes were measured and compared to 
standard event generator combined with detector simula- 

tions. The agreement between the simulations and the data 
was found to be reasonable, given the limited level of 

detail at which the detector environment could be imple- 
mented in the simulation programs. 

11. Summary and outlook 

Rate fluctuations due to bunch to bunch rate variations, 
most probably due to different halo emittances of the 
bunches, were observed in part of the test runs. These 

fluctuations can be big enough to deteriorate the perfor- 
mance of a high rate B experiment. Care has to be taken in 
tuning and stabilizing the injection procedures in order to 
avoid such effects. 

The feasibility of utilizing internal wire or ribbon tar- 
gets in the halo of the HERA proton ring has been 

demonstrated. With less than 10% of the design current 
stored in the machine and less than 20% of the design 

current per bunch, up to 8 MHz of interaction rate and 2 
interactions per bunch crossing have been observed. Target 
interactions are clearly distinguished from background 
events in their event topology, in the timing information of 
the scintillation counters and in the distribution of track 
directions reconstructed in the drift chambers. Already at 
distances from the beam of about 8 u, target efficiencies in 
excess of the goal of 50% have been routinely achieved. 
No excessive backgrounds (possibly with the exception of 
background to neutron calorimeters at 0”) have been ob- 
served and neither orbit nor tune or emittance of the proton 
beam were affected by the target. 

Rate modulations due to external sources were ob- 
served to increase the intrinsic stochastic rate fluctuations 

by a very small amount. They are unlikely to influence the 
performance of a B experiment. 

The total target rate has been successfully controlled by 
an automatic feedback loop. Evidence has been presented 
that relative rate control might be possible by using asym- 
metries between trigger rates of the different scintillator 
hodoscopes. 

Finally, many of the described measurements of the 
relatively simple test experiment showed remarkable sensi- 
tivity to details of the machine setup, like differences in 
emittances and currents from bunch to bunch, external 
sources of beam excitation or tiny orbit movements. As a 
consequence, the internal target setup might well serve as a 
valuable and sensitive tool for machine diagnostics pur- 
poses. 

The target efficiency has been studied in simple single The test experiment has been upgraded for the 1994 
particle tracking models, simulating the linear machine, the HERA running. The trigger scintillators were replaced by 
halo diffusion, and scattering in the target material. Within 24 small scintillators, covering the same area. This will 
the uncertainties of the exact structure of the machine reveal much more details on the event topology and will 
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avoid excessive rates in single counters. Likewise, the 
scintillators in the hodoscopes were replaced by smaller 
scintillators in order to decrease the solid angle accep- 
tance of the hodoscopes and therefore increase their high- 
rate capabilities. The tracking chambers are replaced by 
new drift chambers with smaller cell size. Non movable 
“roman pots” have been installed close to the target and 
will be equipped with several layers of a silicon strip 
detector. This is expected to increase the resolution of 
track direction measurements drastically and will allow to 
associate tracks and targets on an event by event basis. 
Even vertex distributions along the target and hence the 
measurement of particle density distributions in the beam 
halo might come within reach. 
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