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Abstract

Beam losses in the Fermilab Tevatron and Main Ring result in high occu-
pancy in the drift chambers of the D� detector. This causes increased muon
trigger rates, complicates track reconstruction and causes aging of propor-
tional drift chambers (PDTs). Veto methods in the Main Ring case reduce the
integrated luminosity by about 20%. In April 1994 significant efforts were
started in both the Accelerator and Research Divisions at Fermilab to explore
the problem in detail and to find a way to reduce particle background levels in
the D� detector. Monte Carlo simulations were performed for beam loss in
the Tevatron and Main Ring and for induced hadronic and electromagnetic
showers in accelerator, shielding and detector components. As a result, an
optimal shielding configuration was proposed and installed in the tunnel dur-
ing August-September 1994 shutdown. In addition, the existing A� scraper
was replaced with a new one with two thin scattering targets. Measurements
have confirmed a large effect from these improvements. Accelerator related
backgrounds in the D� detector have been significantly suppressed and now
are much lower than those from the pp collision point.
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1 Introduction

Experiments at high energy hadron colliders require special shielding against ac-
celerator produced background particles. There are two main reasons which make
this problem important: the detectors are situated directly in the accelerator tunnel
and secondary particles produced by beam loss are of rather high energy, so they
can punchthrough accelerator components and other equipment.

Since the begining of D� operations two major sources of accelerator related
backgrounds have been under study:

� Tevatron halo related backgrounds;

� Main Ring related backgrounds.

All background particles from accelerators originate in interactions of primary
beam particles with residual gas and accelerator equipment. The improvements in
beam quality, as well as appropriate shielding, can considerably reduce the back-
grounds. The D� experiment set up is presented in Figure 1 [1]. Proportional drift
chambers (PDTs) of WAMUS and SAMUS muon detectors are affected by back-
grounds more than other detectors. This is why we concentrate in this paper on
improvement of the muon system background environment.

FIGURE 1. Schematic view of the D0 detector at Fermilab.
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2 Backgrounds in the D� detector

2.1 Tevatron Halo

Proton and antiproton beams can interact with accelerator equipment and residual
gas during circulation in the Tevatron. Due to these interactions there is a halo
of particles traveling simultaneousely with main bunches, but outside the beam
envelope. As a result of beam halo interactions with limiting apertures, hadronic
and electromagnetic showers are induced in accelerator and detector components.
Products are detected in the D� muon chambers: such particles pass through the
outermost layer of a muon detector earlier than those from the collisions at the in-
teraction point (IP). This time is equal to 63 ns in our case.
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FIGURE 2. Drift time distribution (counts per 1 ns) for the outermost tube plane of the
D0 detector in the “pre-shield” era.

Figure 2 shows typical drift time spectrum for a C-layer PDT in the “pre-shield”
era. There were two peaks in the spectrum: at the beginning - from Tevatron halo,
and later - from particles originated in pp collisions. The number of hits from halo
particles for some stores was almost equal to the number of hits from particles orig-
inated from the collisions and collision remnants. Those hits produced the follow-
ing problems for the data collection/analysis:
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1. Substantially increased (by a factor of 2 to 10) muon trigger rates, which
cause the D� data aqusition system to saturate and also require prescales
for muon triggers.

2. Background tracks found by muon track reconstruction program. These hits
waste computer time as they are difficult to suppress and they lead to confu-
sion in pattern recognition.

3. Additional source of aging of PDTs which is almost equal to the aging from
particles that originate from the IP.

4. Saturation of the signals from the PDTs, causing inefficiency for the detec-
tion of real muons.

The beam halo induced fluxes are typically �3�105m�2s�1 at the luminosity
of 1031cm�2s�1. The fluxes on the proton and antiproton sides of the detector are
uncorrelated and typically the p-halo is larger than the p-halo (normalized per ap-
propriate beam intensities). Since the timing of the halo related particles differs by
less than 100 ns from particles originated in the IP, it is impossible to suppress this
background in the long drift time SAMUS/WAMUS PDTs.

2.2 Main Ring Halo

The Main Ring related background particles produce hits in the D� muon PDTs.
These hits are the origin of large currents drawn from the high voltage power sup-
plies (HVPS). Figure 3 shows the HVPS current for one of the SAMUS drift tube
plane of 3.3�3.3 m2 area (see Fig. 1). One can see the spikes due to the Main Ring
beam loss at injection of beam into the Main Ring and transition through the criti-
cal energy. Also, one sees increased current from HVPS each time the Main Ring
beam passes the D� collision hall. The pedestal is Tevatron related.

The estimated flux of particles in the SAMUS/WAMUS detectors during in-
jection is �1.5�106m�2s�1. This background also produces energy deposition in
the D� liquid argon calorimeter, especially near the Main Ring beam pipe which
passes directly through the calorimeter (see Fig. 1). pp events that occur during
high losses in the Main Ring usually contain many more hits than events without
the Main Ring activity, requiring the events be vetoed thus losing luminosity.
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FIGURE 3. The HVPS current (�A) of one plane of the SAMUS drift tubes (C-layer) at
the Tevatron luminosity of 8�1030 cm�2s�1 and the Main Ring beam of 2�1012 protons.

Important features of the Main Ring related backgrounds are that, first, these
are unstable in time (a factor of 2 or more variation depending upon accelerator
conditions), and, second, the backgrounds at the downstream (with respect to pro-
ton direction) side are typically two times larger compared to those on the upstream
side (without shielding wall on the downstream side). The current method of re-
jecting events with the Main Ring beam on is the following: veto data collection
(for almost all triggers) during 0.40 sec at injection (so called a Main Ring beam
loss signal) and veto data collection (for many triggers) for 2.6 �s each time the
Main Ring beam passes the D� collison hall. These vetoes almost completely re-
ject events with hits from the Main Ring, but:

1. The Main Ring veto is a major source of the D� dead time where approx-
imetly 20% of the pp events are lost. This is the main source of difference
between the CDF and D� integrated luminosity.

2. The hits in PDTs lead to the “aging” – a degradation of the detector perfo-
mance. The charge deposited on the PDT wires is proportional to the area
under the curve in Fig. 3.

3. The Main Ring losses sometimes cause the HVPS trips due to overcurrent,
which halts the data taking.
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2.3 Experience with Shielding

In the design of the D� detector special collimators were installed in the SAMUS
toroids [2] to substantially decrease beam halo fluxes in the A-layer of the muon
chambers and pp-induced fluxes in the B and C-layers. Shielding on both sides of
the CDF experimental hall was installed in 1992-1993 [3]. The CDF experience
shows that concrete shielding walls in the accelerator tunnel considerably decrease
accelerator related backgrounds and improve quality of the data collected.

3 Beam Loss and Induced Showers

3.1 Simulations

In our studies we assume the low-� Tevatron lattice [4] with the standard parame-
ters for 900 GeV proton and antiproton beams. Two primary sources of beam loss
in the Tevatron collider are considered: pp collisions at the B� and D� IPs, and
beam halo interactions with the Tevatron scrapers. The events for the first term
are simulated with the DTUJET93 code [5]. The beam halo interactions with the
scrapers and the particle tracking through the lattice with a beam loss recording
is done with the STRUCT code [6] with each lattice component taken into ac-
count. Beam loss induced hadronic and electromagnetic showers as well as the
particle transport in the accelerator and detector components, in the Tevatron tun-
nel, the experimental hall including walls, and in the shielding, are simulated with
the MARS code [7]. The energy thresholds are 1 MeV for muons and charged
hadrons, 0.1 MeV for electrons and photons, and 0.5 eV for neutrons.

When simulating the beam induced showers, all the details of the 3-D geom-
etry, materials and magnetic fields in the low-� quadrupoles Q2F (G = 125.562
T/m), Q3D (G = -124.004 T/m), Q4F (G= 126.000 T/m), in the Main Ring dipole
magnets, in the tunnel and collision hall, and in the D� detector muon system and
the endcap calorimeter are included on both sides of the detector extended to 5 me-
ter radius from the Tevatron beam line. Calculated values are the 3-D distributions
of star density (density of inelastic hadron interactions) everywhere, and energy
deposition, particle fluxes and energy spectra in the D� PDTs (B and C-layers).

3.2 Beam Losses

The first analysis has shown that the accelerator related background in the D� de-
tector is due to beam loss in the inner triplet region, i.e. �30 m from the interaction
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point. The main reason is that the �-function reaches its maximum in the final fo-
cus quadrupoles Q2 (horizontally) and Q3 (vertically) (Figure 4). So, there are two
ways to mitigate the problem:

� minimization of the beam loss in the low-beta quads via increased Tevatron
scraper efficiency;

� installation of the shielding walls at the Tevatron tunnel entrances at both
ends of the D� hall.

FIGURE 4. �-functions in the D� interaction region as per N. Gelfand.

The first proposal [8] is based on the idea of using a thin scattering target to
increase amplitude of the betatron oscillations of the halo particles and thus to in-
crease their impact parameter on the scraper face on the next turns. It was shown
[9, 10] that this results in a significant decrease of the outscattered proton yield and
correspondingly of the total beam loss in the accelerator. The method would give
an order of magnitude in beam loss reduction at future multi-TeV machines, but
even at the Tevatron one could expect a noticeable effect. For the Tevatron, the
minimal proposal was to replace the existing scraper at A� with a new one with
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two 2.5-mm thick L-shaped tungsten targets with a 0.3 mm offset relative to the
beam surface on the either end of the scraper. Calculated beam loss distributions
in the Tevatron with and without scattering target at the A� scraper are shown in
Fig. 5 and 6, respectively. One can clearly see that expected beam losses in the D�
vicinity with a new scraper is about a factor of 2.5 lower. Such a replacement was
done during the August-September 1994 shutdown. The rest of the paper deals
with the second measure, the shielding wall design and study.
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FIGURE 5. Beam loss rate in the Tevatron (baseline).
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FIGURE 6. Beam loss rate in the Tevatron (with target at the A� scraper).
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4 Shielding Wall Efficiency

Longitudinal distribution of hadron inelastic events (star density) in the D� low-
� quadrupole beam pipe is presented in Fig. 7. The distribution, induced by halo
particles, has a sharp maximum at the Q3 quad, naturally, just at the �-function
related peak in the beam loss. Induced showers are peaked even closer to the IP,
so the obvious way to intercept particle fluxes is to put a shielding wall as close to
the collision hall as possible.
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FIGURE 7. Intensity of the Tevatron halo induced nuclear interactions in the low-�
quadrupole beam pipe.

Prior to our studies, a 1.5-m thick concrete wall was installed in the tunnel at
about 19 m north (proton side) from the D� interaction point. One can see from
Fig. 7 that this wall was useless for intercepting particle fluxes from the beam loss
peak. Of course, it absorbed a minor fraction of flux from the previous lattice sec-
tion. Thus, our immediate proposal was to move existing wall closer to the hall, or
to install another wall right at the tunnel-hall interface. It would also help to bring
the Main Ring induced backgrounds down. In addition, to reduce background lev-
els on the antiproton side, we proposed putting a similar shielding at the south end
of the Tevatron tunnel entrance.
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Results of the realistic multi-turnbeam loss calculations were used for the Teva-
tron source term, while for the Main Ring we assumed a simplified model with lon-
gitudinally uniform beam loss in the magnets close to the hall. In calculations, we
concentrated on the hottest regions of B- and C-layers of the D� PDTs, namely on
three radial intervals closest to the beam: 25–60 cm, 60–130 cm, and 130–230 cm.
Although there is a variation in the azimuthal flux behaviour (particullary up-down
asymmetry), most results were obtained, and analyzed, azimuthally averaged to
improve statistics and to simplify analysis of the overall performance. Neutron
spectrum at the C-layer (25�r�60cm) is shown in Fig. 8, with two well-known
peaks, 0.8 MeV and 80–90 MeV, clearly seen. Fig. 9 shows hadron spectra at the
B-plane (60�r�130cm). Particles with energy in excess of a few GeV are pre-
sented, but the main contribution to the hadron flux is due to low energy neutrons
with E�5 MeV.
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FIGURE 8. Neutron energy spectrum in the innermost region of the C-layer due to
0.9 TeV beam loss in the D� low-� quadrupoles.

We found that charged hadrons bring typically about 1% to the total hadron
flux in the WAMUS and SAMUS planes. At the same time, efficiency of the drift
tubes for neutrons is only�0.001. So, the background rates and chamber gas aging
are driven by the charged particles. This is especially true because of a dominant
contribution from electromagnetic showers induced by �0 decays.
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FIGURE 9. Proton, neutron and charged pion energy spectra at the B-layer due to
0.9 TeV beam loss in the D� low-� quadrupoles.

Table 1 shows azimuthally averaged fluxes of neutrons, charged particles and
photons at B- and C-layers for the proton and antiproton beam intensities which
correspond to the luminosity of 1031cm�2s�1. With such a flux composition, the
required ordinary concrete shielding wall thickness is about 1.8 m. There is almost
no further reduction in the Tevatron induced flux at the D� detector with increasing
of the thickness above 1.8 m.

A few shielding configurations have been studied to find the one with highest
efficiency while matching both the machine layout and the installation possibili-
ties:

1. Baseline: “old” 1.5-m wall on the North (proton) side and no wall on the
South (antiproton) side.

2. Baseline plus a new 1.8-m wall at the Tevatron tunnel entrances.

3. New 1.8-m walls at the Tevatron tunnel entrances.

4. Baseline plus reduced wall, 1.8-m thick at the bottom 60% of the height and
1.2-m thick the rest 40% of the height.

5. Configuration 4, but with a 30-cm gap around the Q4 quadrupole.
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Table 1 : Neutron (n), charged particle (h�e�) and photon (
) fluxes (cm�2s�1) for
configuration 2 (�-averaged). One R.M.S. statistical errors are 5–7% for neutrons
with E�14 MeV, 15–20% for other hadrons, and 20–30% for electrons and photons.
R1=nE�14MeV =ntot; R2=e�=h�e�.

Layer r (cm) ntot R1 h�e� R2 


B 25–60 1.44 0.03 2.01 0.98 8.27
60–130 1.20 0.03 0.28 0.91 1.20
130–230 1.17 0.03 0.05 0.88 0.44

C 25–60 2.62 0.11 0.27 0.62 2.17
60–130 1.78 0.08 0.09 0.62 1.16
130–230 1.20 0.06 0.03 0.80 0.32

We define here a shielding efficiency as a ratio of the charged particle flux at
the B- and C-layers in the baseline configuration to that in one of the new configu-
rations. Tables 2 and 3 show this reduction factor at B- and C-layers for neutrons,
charged particles and photons separately. Depending on the shielding configura-
tion and on the location in the detector the background suppression can be as high
as a factor of 12. On the average, for the charged component driving the detector
response, the effect is not so high: about a factor of 5 for the C-plane and 3 for
B-plane (Table 4). Results of this table will be compared with the measurements
presented below.

Table 2 : Shielding efficiency (flux reduction) at the B-layer for neutrons (n), charged
particles (h�e�) and photons (
) in four shield configurations (�-averaged).

r(cm) Conf. ntot h�e� 


25–60 2 7.42 1.49 1.46
3 4.20 1.20 1.25
4 5.77 1.38 1.43
5 4.15 1.38 1.29

60–130 2 8.01 1.84 2.25
3 5.68 1.36 1.95
4 5.00 1.38 2.17
5 4.83 1.77 2.04

130–230 2 7.68 3.74 5.84
3 7.23 1.98 4.62
4 7.46 3.07 4.84
5 6.29 1.83 4.94
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Table 3 : Shielding efficiency (flux reduction) at the C-layer for neutrons (n), charged
particles (h�e�) and photons (
) in four shield configurations (�-averaged).

r(cm) Conf. ntot h�e� 


25–60 2 5.96 2.45 2.35
3 3.51 2.29 2.13
4 3.92 2.31 2.01
5 2.73 1.13 1.06

60–130 2 8.64 7.12 5.88
3 5.57 6.11 4.74
4 6.50 6.37 4.34
5 4.69 6.05 2.87

130–230 2 9.62 11.5 12.5
3 8.86 10.8 12.2
4 8.97 9.08 10.4
5 6.39 5.95 10.3

If the new wall is thinner in the upper 40% part, the reduction factor is lower by
about 15-20% for the Tevatron induced backgrounds and by almost 50-60% for the
Main Ring backgrounds. The 30-cm gap around Q4 quadrupole increases fluxes
at the detector by 35-77%, so we have proposed filling this gap with sand-bags
with 10% addition of polybeads. Ideally, with the best shielding configuration and
with the perfectly tuned new A� scraper, the maximum background suppresion is
expected to be as high as a factor of 8 at the North side and a factor of 12 at the
South side.

Table 4 : Background reduction in the B- and C-layers at the North (proton) side related
to the Tevatron (TEV) and Main Ring (MR) in four shield configurations. Charged
particles, r- and �-averaged.

Conf. TEV (C) TEV (B) MR (C)
2 5.64 3.10 2.70
3 4.83 2.72 –
4 4.90 2.56 2.15
5 3.19 2.30 1.90
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5 Shielding Installation

During the August-September 1994 Tevatron shutdown two concrete walls were
installed on both sides of the D� collision hall: the configuration 4 on the North
(proton) side and the configuration 3 on the South (antiproton) side. The distance
between collision hall and shielding walls is approximately 1 m — optimum ac-
cording to above described simulations. Holes around the Main Ring and the Teva-
tron beam pipes were filled with sand-bags with 10% addition of polybeads.

6 Effect on Detector Performance

The WAMUS covers the muon detection region j�j < 1:7. The region 1:0 < j�j <

1:7 tends to be sensitive to beam-related background. In order to study the effect of
the shielding walls on these backgrounds, we monitored the currents of the power
supplies which provide high voltage to the WAMUS PDTs. The fast histories of
the currents are stored in the front ends of the supplies with a sampling period of 50
ms and a depth of 1 minute. The time structure of currents was used to separate the
Main Ring induced component (spikes every 2 seconds) from the Tevatron induced
component (baseline).

Fig. 10 shows a comparison of the Tevatron induced currents before and after
the shield wall installation for some typical WAMUS chambers. The points show
measured currents as a function of luminosity, where the stars were measured be-
fore the shield wall installation, and the circles were measured with the complete
shield walls in place. The first plot is an example of current in the A-layer. These
chambers are already well shielded by the iron toroids, and the addtional shieding
of the walls has no apparent effect. The central B-layer and C-layer and the North
and South B-layers are outside the iron, but are not located near the tunnel apera-
tures. They show a modest reduction of around 20% as a result of the shielding.
The largest effect of the shielding is in the North and South C-layers, where the
flux is reduced by a factor of 2 to 5, with some variation between North and South
and up and down, since the proton and antiproton halos are different and the tunnel
is not centered with respect to the beam axis. These B- and C-layer PDTs are the
ones which have the largest currents and which suffer the most radiation damage,
so the reduction of flux is most important in this region.

Note that flux which originates in the collisions should be proprotional to lumi-
nosity. Some comes directly from the interaction, and other comes from secondary
scattering and showering of particles produced at large rapidity. The currents mea-
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sured after the shield wall installation appear to vary approximately linearly with
luminosity. Flux from halo will not necessarily track luminosity, and one can see
large deviations from the linear relations in the pre-shielding points. As an addi-
tional cross check, we measured the currents during a store while the beams were
separated at D� after the shield walls were complete. With the beams separated,
one measures only the flux from halo and no flux which originates from the inter-
actions. The squares in Fig. 10 show the currents for separated beams. The lumi-
nosity just before and just after the beam separation was about 2.7�1030. These
show that virtually all of the remaining flux has its origin in the interaction.

The decrease of the Main Ring induced backgrounds for the WAMUS cham-
bers is about a factor of 2. The effect is larger for the South side where no shielding
wall existed before September 1994.

Effect of the shielding walls is even more dramatic for the SAMUS drift cham-
bers situated in front of the accelerator tunnel. The decrease in a number of the
beam halo hits (see Fig. 2) is 7 to 13 times for the B and C-layers. The A-layer
is pretty well shielded by toroids. This reduction makes the number of halo re-
lated hits much less than that from pp-collisions. This eliminates the Tevatron halo
background problem almost completly. The Main Ring induced backgrounds were
reduced by a factor of 2 for the North side and a factor of 3 for the South side, in
a rather good agreement with the Monte Carlo predictions (Table 4).
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FIGURE 10. Measurements of HV currents in typical WAMUS chambers. The stars
are measurements before the insallation of the shield walls, and the open circles are mea-
surements after. The lines are linear fits to the post-shield wall points. The squares are
measurements with beams separated in the post-shield configuration.
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7 Conclusions

Accelerator induced background is an important problem for hadron collider ex-
periments. Detailed calculations of the background sources in the D� detector
have lead to Tevatron scraper modifications and to a design for shielding walls
on the both sides of the experimental hall. Relatively inexpensive concrete walls
installed in the accelerator tunnel have decreased the Tevatron halo induced back-
grounds up to a factor of 10 and the Main Ring induced backgrounds by about a fac-
tor of 2. Observed background reductions are in a good agreement with the Monte
Carlo simulations. After installation of the shield walls, the Tevatron halo back-
grounds became negligible compared to ones from the pp-collisions. The Main
Ring related backgrounds (PDT aging, HV trips) are now lower too.
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