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Abstract

This paper describes the hardware and operations of the Neutrinos at the Main
Injector (NuMI) beam at Fermilab. It elaborates on the design considerations
for the beam as a whole and for individual elements. The most important design
details of individual components are described. Beam monitoring systems and
procedures, including the tuning and alignment of the beam and NuMI long-
term performance, are also discussed.

Keywords: Neutrinos, Long baseline, Beam, Target, Main Injector.

1. Introduction to The NuMI Beam

The Neutrinos at the Main Injector (NuMI) neutrino beam [II, 2] was built
at Fermilab to provide neutrinos for the MINOS [3] experiment, a long-baseline
neutrino oscillation search, as well as for the COSMOS experiment [4], which
was initially approved but subsequently withdrawn. Later, the NuMI beam
was used for other experiments such as MINERvA [5], ArgoNeuT [6], and most
recently the NOvA [7] and the MINOS+ [§] experiments. Neutrinos from NuMI
have also been observed and studied by the MiniBooNE experiment at a large
off-axis angle [9].



The NuMI beam facility produces neutrinos by steering a 120 GeV proton
beam onto a narrow graphite target approximately 1 m in length through a colli-
mating baffle. The produced hadrons are then focused in the forward direction
and charge-sign-selected by two magnetic horns. Most of the hadrons subse-
quently decay into neutrinos (among other particles) in a long decay pipe. The
resulting neutrino beam passes through dolomite rock and reaches the MINOS
Near Detector (ND) 1.04 km downstream of the NuMI target. It then continues
further north through the Earth’s crust, encountering the MINOS Far Detector
(FD) 734 km away in the Soudan Mine in Minnesota, and finally exiting the
earth 12 km further north. This paper describes the NuMI beam hardware,
operations and long-term performance. Its focus is the beam configuration in
place during the data taking of the MINOS experiment, from May 20, 2005 until
April 30, 2012. Developments after April 2012 are briefly discussed in Section
The NuMI beam flux is described separately in a companion NuMI beam
flux paper [10].

1.1. Historical Background

Starting gradually in the late 1980s [I1], 12, 3] and with ever-increasing
frequency in the mid-1990s [14] [T5] [16] 17, A8, 19, 20, 2T, 22], a plethora of
experimental indications emerged suggesting that neutrinos change their flavor
as they propagate through vacuum or matter. Thus a beam initially created
as a pure muon-neutrino beam may develop an electron or tau neutrino flavor
component as it propagates. If this phenomenon were indeed to be verified,
it would profoundly affect our knowledge of neutrinos. Accordingly a number
of experimental efforts were then being considered to investigate these issues
under well-controlled experimental conditions which could be obtained with an
accelerator-produced neutrino beam.

It was in the same time frame that the Main Injector accelerator was being
constructed at Fermilab. This accelerator would use the Fermilab 8 GeV Booster
as an injector and have the ability to accelerate protons up to 150 Ge\/ﬂ The
NuMI design specifications called for 3x10'? protons accelerated to 120 GeV
every 1.87 s [23]. These parameters would allow creation of neutrino beams
with much higher intensities than had been constructed previously and thus
motivated several groups to seriously consider neutrino oscillation investigations.

Different groups proposed experiments to investigate different regions of the
parameter space characterizing neutrino oscillations. The efforts that shaped
the design of the NuMI beam involved studies of neutrinos over distances of
the order of several hundred kilometers. There were three early proposals for
such experiments based on a beam from the Main Injector; the one that had
most influence on future developments proposed the use of the existing Soudan
2 Detector in the Soudan Underground Laboratory in Northern Minnesota [24]

IThe Main Injector can operate at its design energy of 150 GeV but the optimal neutrino
rate is obtained by running it at 120 GeV, taking advantage of a faster rep rate at this lower
energy.



25]. This was followed by the more ambitious proposal [26] by the larger MINOS
Collaboration to construct both a new beam at Fermilab and a new detector in
the Soudan Laboratory. This proposal was approved and shaped the design of
the NuMI beam.

1.2. Design Considerations

As a neutrino propagates, the flavor composition of its wave function oscil-
lates; that is, the relative strengths of the component flavor amplitudes change
as the particle travels through vacuum and/or matter. The probability that a
neutrino with a flavor state a at birth will, after traveling a distance L, appear
upon detection to have flavor (3, is well-described by the two-flavor approxima-
tion:

(1)

where the baseline L is measured in km, the neutrino energy E is measured in
GeV, and Am? is the mass difference squared between the two relevant mass
states and is measured in eV?/c*. The first factor determines the amplitude
of the oscillations, the second one their frequency. The effective mixing angle
parameter sin® 26 and the mass-squared difference Am? are functions of fun-
damental parameters characterizing the oscillations. The numerical factor 1.27
takes account of the units used in the above equation.

For the oscillations to be significant Am?2L should be > E using the units
above. Thus the optimum distance between the source and the detector depends
upon the values of both E and Am?2. At the time of the NuMI beam design there
were indications that Am? lay somewhere in the range of 1073 — 10~ teV?/c?
[15, 16]. A 120 GeV proton accelerator can efficiently produce a neutrino beam
in the 1-10 GeV energy range. Therefore a distance of a few hundred kilometers,
such as the distance between Fermilab and Soudan, would sufficiently cover all
possibilities. Furthermore once the distance was chosen, the only remaining
free parameter in the design was the energy of the neutrinos. Flexibility in the
energy of the beam was desirable to respond to new knowledge of Am?2.

A high-intensity beam was required to achieve a meaningful event rate at
the MINOS detector several hundred kilometers away as the neutrino flux falls
with the square of the distance from the decay point. Thus one of the primary
design requirements for the beam line was the ability to withstand a high-
power proton beam. The design beam power was somewhat optimistically set
to 400 kW, a little above the maximum power that could be obtained from the
Main Injector which was already pushing the beam technology at that time. A
400 kW beam power required 4x 10 protons/cycle, whereas the Booster was
capable of delivering 3x 103 protons/cycle with 6 consecutive injections into the
Main Injector. For a 2 s cycle time, this intensity corresponds to approximately
300 kW beam power. The use of “slip-stacking” techniques (discussed in more
detail below) later allowed the number of protons/cycle to be increased, but
at the cost of increasing the cycle time since more Booster batches need to be
inserted. Thus the power does not increase as fast as protons/cycle.

1.27Am2L
Py, = sin? 20 sin? (7Em>



Flexibility of the neutrino beam energy was achieved with a focusing sys-
tem employing parabolic magnetic horns with adjustable separation between
them and the target, which allowed tuning of the energy at which secondary
particles were best focused [27]. For low energies, since the divergence of the
meson beam is greater and decay length shorter, wider downstream apertures
and longer allowed decay paths are desirable. For higher energies the aperture
area is less important but longer decay paths increase the flux. A relatively long
(675 m) and not overly wide (2 m diameter) decay pipe geometry was chosen.
In hindsight, the actual Am? turned out to be relatively low and preferred a
low-energy beam for oscillation measurements. Hence a beam designed today
exclusively for MINOS would have a larger aperture and shorter decay flight
paths. These considerations, together with the adopted values for the dimen-
sions of the target chase and the decay pipe, are discussed more fully in Sections

2:2) and 2:7] respectively.

2. NuMI Beam Components

The NuMI beam is presently the world’s most powerful neutrino beam and is
produced by the 120 GeV protons extracted from the Fermilab Main Injector.
A layout of the accelerator complex at Fermilab is shown in Fig. [I] Protons
originate as H™ ions in the Linac which accelerates them to 400 MeV. The ions
are converted into protons in the Booster where they are accelerated to 8 GeV
as 1.6 us long batches with a 53 MHz bunch spacing. The Main Injector cir-
cumference is 7 times the circumference of the Booster. Thus the Main Injector
can accommodate storage and acceleration of 6 Booster batches as one of these
7 slots is needed for the pulse kicker rise time. In the last few years a technique
called slip-stacking was developed which allowed the combination of two batches
into one after injection into the Main Injector. Use of this technique, together
with other hardware improvements and better diagnostics, allowed a significant
increase in the proton intensity that was obtained [28].

During most of the MINOS run, one of the Main Injector slots was used
by protons destined for the Antiproton Accumulator generating antiprotons for
the Tevatron program, leaving five slots for MINOS and giving an 8 pus spill
time. A spill is defined as one set of five or six proton beam batches accelerated
together as described above. When the Accumulator was not operational all
six slots were used for NuMI giving a 10 us spill time. The cycle time for
NuMTI spills ranged from 2.1 to 2.4 s. The proton intensity during the MINOS
run ranged from 2.2x10'3 protons on target (POT) in 2005 to approximately
3.6x10'3 POT in 2012.

The protons destined for the NuMI beam line are extracted, bent down-
ward to point at the MINOS Far Detector, and transported 350 m to the NuMI
target. The global positioning system (GPS) was originally used to define the
beam direction. The protons are incident on the graphite target and the pro-
duced hadrons are focused by two magnetic horns and then enter a 675 m long
decay volume. The horns allow preferential selection of hadrons of one or the
other charge sign. Pions and kaons constitute a major portion of the hadrons
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Figure 2: Schematic of the NuMI Beam. The individual components of the NuMI beam (not
to scale) are shown together with the relevant dimensions. All the important elements are
shown, including the target, the horns, the decay pipe, the hadron absorber, and the so-called
muon shield which consists of the dolomite rock preceding the MINOS Near Detector.

and predominantly decay via the modes 7t — pu* + v, and Kt — put + v,
yielding a v,, beam. There is also a few percent v, component coming from
negative hadrons and a small contamination of electron neutrinos (v.) due to
subdominant electronic decay mode of K+ hadrons, decays of K° particles, and
decays of tertiary muons [10].

A hadron monitor is located at the end of the decay volume just in front
of the 5 m thick absorber to record the profile of the residual hadrons. These
residual hadrons are attenuated to a negligible number by the absorber. Four
alcoves have been excavated in the rock just downstream of the absorber and
are used to house three muon monitors allowing measurement of the residual
muon flux with three different threshold energiesﬂ The 240 m of rock following
the absorber stops the muons remaining in the beam but allows the neutri-
nos to pass. After 240 m a cavern has been excavated to house the MINOS
Near Detector. The cavern subsequently housed additional experiments such
as MINERVA or ArgoNeuT, taking advantage of the high neutrino flux at that
location. The schematic of the NuMI beam is shown in Fig. 2] The individual
beam components are described in more detail in the sections below.

2.1. The Primary Beam Line

The primary beam line is a transfer line carrying the 120 GeV protons from
the Main Injector to the NuMI target. There were two central design principles
for the NuMI proton beam line [29]: safe and low-loss transmission of a very
high-power proton beam and accuracy and stability of targeting. Fractional
losses over the 350 m beam line were required to be kept below 107°. The
physics of the MINOS experiment required the beam to have an angular stability
of £60 purad, and a positional stability of 250 um at the target. Typical
operational values achieved were fractional beam loss prior to the target profile
monitor of 3x1077, angular stability of £15 urad, and positional stability of
+100 pm.

2The fourth alcove was not instrumented during MINOS running.



The proton beam is extracted from the Main Injector accelerator using
“single-turn” extraction. A single kicker bends the beam a small angle into
the primary beam line, also known as an “extraction channel”. The magnetic
field in the kicker changes from zero to its full value in 700 ns which is less
than the length of the extraction gap left in the beam. The entire beam is
delivered in 10 us, producing a high instantaneous rate in the MINOS Near
Detector. An alternative technique, resonant extraction, would allow a much
slower spill (about 1 ms long) but would lead to unacceptable irradiation of
the Main Injector tunnel downstream of the extraction point. In resonant ex-
traction the tune of the beam is slightly changed so that the beam expands
towards an electrostatic septum on the side, usually an array of a number of
wires whose field provides the initial outward deflection of the beam. The mass
of the septum is kept as low as possible to minimize proton interactions but it
was estimated that the minimum achievable loss would be 1-2 % of the beam
which was much too high to be tolerable. With single-turn extraction, fractional
beam loss is maintained at part per million levels, as needed for the 400 kW
design NuMI beam. Accordingly, it was necessary to adopt single-turn extrac-
tion even though it necessitated more sophisticated electronics in the MINOS
Near Detector. Single-turn extraction was accomplished by a kicker consisting
of three pulsed magnets with an integrated field of 0.36 T-m, followed by three
standard Main Injector Lambertson magnets and then a standard C magnet
[23].

To point towards the Soudan Laboratory the proton beam had to be in-
clined downward by 58 mrad. One advantage of using the MI-60 location for
extraction was that only a 59 mrad horizontal bend was necessary to aim di-
rectly at Soudan. The overall trajectory of the beam line for the first 100 m was
constrained to a horizontal plane by having to fit between the Main Injector
magnets and Recycler magnets. The required trajectory in both planes in this
part of the beam line was achieved by six dipoles of varying rotation angles.
The subsequent initial vertical trajectory was determined mainly by issues of
cost and constructability. It was preferable to do most of the construction in
solid bedrock rather than soil overburden, and to minimize the path through
the water table. Thus the beam was initially overbent downward by 156 mrad
(V108 in Fig. [3)), then it was bent back upward by 98 mrad (V118 in Fig. [3)
giving a final vertical angle of 58 mrad or 3.343° downwardsﬂ through the Earth
towards the Soudan Mine in Minnesota. The bending of the beam was achieved
using six, and then four, refurbished Main Ring dipole magnets for the two
stages. The regulation of the power supplies for the dipole magnets was 50 ppm
to achieve the beam stability specifications.

The upper 65 m of the beam line that passes through the soil and soil/bedrock
interface, referred to as the carrier tunnel, is uninstrumented and contains a

3The precise number is 3.34349°, however, for this level of accuracy the location on the
Fermilab site has to be specified as the curvature of the earth becomes important. The number
3.34349° corresponds to the angle of the beam in the Target Hall in local gravity coordinates.
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Figure 3: Plan and Elevation Views of the NuMI Beam Facility. The proton beam is directed
onto a target, where subsequently the secondary pions and kaons are focused into an evacuated
decay volume (later filled with helium) via magnetic horns. Ionization chambers at the end
of the beam line measure the secondary hadron beam and tertiary muon beam.

250m

vacuum tube. The proton beam line utilizes 21 standard Fermilab quadrupoles
whose functions are to match the Main Injector optics, to optimize the trans-
ported beam for very low beam loss, and to control the size, divergence and
dispersion of the beam at the target. All proton line magnets are ramped for
each beam cycle to reduce the overall power consumption. The plan and eleva-
tion views of the NuMI beam line are shown in Fig.

The very low loss requirement mandates that the NuMI proton beam enve-
lope stays clear of all aperture limitations. Thus, the beam line was designed
with larger acceptance than that for the largest beam emittance that could be
accelerated in the Main Injector. Furthermore, an automated system measured
and corrected the beam trajectory pulse-to-pulse. The beam line was equipped
with 19 trim dipole magnets, 10 horizontal and 9 vertical, to provide precise
direction corrections along the proton path. An extensive system of beam po-
sition monitors, discussed in Section provided the position information for
these corrections. The beam spot at the NuMI target is approximately circular
with a measured diameter of 1.1-1.2 mm (0, = 1.1 mm and o, = 1.2 mm).
Fig. [ shows the calculated proton beam envelope compared with measured
beam widths. A more detailed discussion of the proton beam line is provided
in [29).

2.2. The NuMI Target Hall

The NuMI Target Hall consists of a large underground cavern which contains
the shielding and all the support modules for the target, horns, and other major
beam components. The design power of 400 kW dictates extensive shielding and
that the components withstand high levels of radioactivity, heating, and thermal
shock. In considering the design for an enclosure for these systems, several things
needed to be taken into account, including the prompt radiation occurring when
the beam strikes the target, the residual radioactivity, and the activation of

10
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Figure 4: Measured and Calculated Beam Envelopes. The envelopes from the kicker magnets
in the Main Injector to the target are shown. The target is located at 356 m in this plot, about
10 m downstream of the last measurement point. The measured envelopes are displayed as
data points, and the calculated ones are shown as lines. They are in good agreement with
each other.

the surrounding air, soil, and ground water. In addition, provision had to be
made for remote handling of radioactive components for repair and replacement.
Temporary shielded storage is therefore provided in the Target Hall for used
beam components before they are moved to more permanent storage locations
elsewhere at Fermilab. The NuMI Target Hall has been designed to allow for
the safe running and maintenance of all the beam components.

The Target Hall is located approximately 41 m underground in the dolomite
rock formation and is a long domed chamber, approximately 69 m long, 8.1 m
wide, and 12.5 m high. This depth was chosen so as to provide at least 6 m
of rock foundation for the target and the associated equipment, and enough
rock above the Target Hall so the roof would be self-supporting. Fig. [5| shows
cross-sectional views of the Hall including its extension at the upstream end,
and Fig. [f] shows plan and elevation views of the Target Hall complex. The
beam line extends through a pit about 6 m wide and 6 m deep running for over
50 m up to the decay pipe, which protrudes 0.35 m into the downstream end of
the pit. The pit follows the beam direction at a downward angle of 3.343° to
the horizontal.

The pit serves as the housing for the baffle/target and the focusing horns
together with their support structures and auxiliary equipment. It is lined at
the sides and the bottom with a layer of concrete shielding to provide a tunnel
4.7 m deep and 4.3 m wide. The pit cross-section is shown in Fig. One of
the elements shown is steel shielding, which is installed in this tunnel to form
a central “chase” with a rectangular cross-section, 1.2 m wide and 1.3 m high
(essentially a beam passageway). Beam line components and instrumentation
are installed in this chase; the chase also serves as a channel for the recirculation
of chilled air from an air cooling system. Multiple configurations of beam com-
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ponents were envisioned, the highest energy configuration having a separation
between horns of up to 40 m. Thus a 60 m total length of the Target Hall was
developed. The steel shielding is composed of a total of 633 Duratek 10 ton
steel blocksﬁ7 with each block having the dimensions 1.33 m x 1.33 m x 0.67 m.
The steel blocks are stacked in an interlocking manner and layers are staggered
with respect to each other to avoid aligned gaps. 46 cm thick concrete covers, in
0.9 m longitudinal segments, are used to provide shielding on top. The Target
Hall also contains a stripline for powering the horns.

The calculated heat load from the beam in the normal NuMI beam low
energy configuration into the target pile is 158 kW. The removal of this heat
and additional heat from horn current and electrical devices is important for the
correct functioning of the beam. This function is provided by a recirculating air
cooling system designed for 240 kW of cooling. In addition the system provides
dehumidification and a filter to remove particulates down to 0.3 pum in size.
Since maintaining alignment of the target and horns with the primary proton
beam is critical, the entire chain of mounting those components to the bedrock
must control thermal expansion effects.

The air-cooling equipment, dehumidifiers and filters are installed alongside
the downstream end of the chase. Air at rock temperature is supplied at that end
to the space between the concrete shield and the steel inner shielding; this air
flows through there to the upstream end of the target pile. This maintains the
thermal stability of the concrete. The horns and targets are mounted at beam
height on water-cooled hangers, which hang on low thermal expansion rods. The
rods penetrate through the support modules and are attached at the top of the
modules. Those ears at the top of the modules rest on I-beam structures that
are supported by the concrete. All the shielding steel, by contrast, is supported
by the bottom of the target pile, and expands/contracts independently of the
target and horn supports. Controlled width cracks are set at the top of the
T-blockﬂ shielding and modules so that some of the circulating air is cooling the
stripline, rods, T-blocks etc. The air is directed from the top of the modules
into central shielding to minimize radioactive contamination in places used by
personnel when they need to work on the modules. The air turns around at
the upstream end of the target pile, and then comes downstream through the
center of the chase, passing by the target and the horns and removing the heat
from the steel shielding. At the downstream end the air is filtered, chilled and
dehumidified, and then pushed by a fan back for another pass.

The Target Hall walls support a crane of 30 ton load capacity hanging from
guiding tracks which allows the lifting and moving of NuMI beam components
and shielding. The crane can travel in the direction of the beam between 2.4 m
and 64.3 m from the upstream face of the Target Hall. The travel of the crane

4Duratek BluBlocks cast by Duratek Inc. at Oak Ridge National Laboratory from scrap
iron and steel.

5 A T-block is a specially shaped shielding block that has a steel bar across the top creating
a T-shape; this bar is used to rest the T-Block on the shielding walls.
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trolley in the transverse direction is about 5.5 m. A system of ten video cameras
allows the safe operation of the crane from a remote location and allows the
precision placement and lifting of crane loads. The video signals are transmitted
by wireless and wired connections to receivers at the upstream end of the Target
Hall.

The remote crane operation is essential for repair and replacement of target
and horn assemblies. Used beam elements are moved as a unit with their support
modules to the Work Cell using the overhead crane. The Work Cell is a well-
shielded facility, located at the downstream end of the Target Hall, that allows
installation, inspection, and, if necessary, replacement of beam components. In
some cases it has been possible to repair failed targets and horns. The Work
Cell is shielded by 0.9 m of concrete on its east and west sides and 0.3 m of steel
on the north and south. The steel wall on the south side is remotely movable
by sliding it to the east. There are four apertures, three in the east wall and
one in the north, which are filled with lead-glass blocks allowing the viewing
of the beam elements in the cell during remote operations. Removed elements
are temporarily stored in a well-shielded location dubbed the “morgue”, within
the target shield pile. The elements can later be recovered after a certain cool-
down period, and sent to long-term storage. Transportation out of the Target
Hall or other storage facilities requires specially made shield casks to reduce any
incidental radiation exposure.

The primary personnel access to the Target Hall is through the elevator at
the upstream end of the Hall. A stairway provides alternative access. The
major pieces of equipment are lowered into the Hall with a crane through a
36.6 m deep shaft. The shaft is close to, but not situated directly over the main
Target Hall chamber. The carrier tunnel on the upstream end and a 670 m long
passageway along the decay pipe provide additional emergency exit paths. The
Target Hall is a very high radiation area, especially when the beam is operating,
and as such it is under a personnel safety interlock system that is failsafe and
redundant. This system prevents personnel access during beam operation to the
Pre-target and Target Hall enclosures. The power supplies, the control systems
and associated equipment are located in an adjoining enclosure outside of the
interlocked system; they are accessible during beam operation.

2.3. The Baffle

The design power of the NuMI beam is so high (up to 400 kW) that even a
relatively small mis-steering of the beam could cause significant damage to the
beam components. A single pulse of mis-steered beam could destroy a primary
beam magnet or a Target Hall component such as a focusing horn. Especially
vulnerable are the target cooling and support components and the magnetic
horns whose narrowest apertures (referred to as necks) are not much larger than
the nominal beam size at their locations. The construction of horns, from a few
millimeter thin aluminium, makes them fragile enough that they have to be
protected from any large sudden energy deposition. To provide such protection
a specially designed device, referred to as the baffle, has been constructed and
installed just upstream of the target.
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Figure 5: The NuMI Target Hall Cross Section. The left part of the Figure shows the Target
Hall cross section including the access shaft, stairway and the auxiliary rooms and the morgue
used to temporarily store removed beam components. The right part details the Target Hall
itself including shielding, the target chase with the target, and also the crane used for moving
beam components.

The baffle consists of a graphite core, 1.5 m long along the beam direction
and 57 mm in diameter, encased in a 60 mm O.D. aluminium tube. At the center
is an 11 mm diameter hole through which the proton beam passes. The baffle is
designed to degrade mis-steered beam enough that the target and horns are not
damaged. It is designed to withstand, without damage, the full intensity beam
for a short time (a few pulses) until mis-steering can be detected and the beam
shut off. Thermocouples installed on the baffle are connected to an interlock
which will turn the beam off if significant mis-steering is detected as excessive
heat. This monitoring also provides a measure of how much beam is “scraping”,
or hitting, the inside walls of the baffle. Both monitoring functions are provided
by measuring the temperature at the downstream end of the baffle. The baffle
is designed to be able to operate continuously with up to 3 % of beam scraping
at design luminosity, and measure scraping with an accuracy of at least +1 %
of the proton beam. The baffle hole is approximately 5 ¢ in terms of the typical
beam spot size, so for properly steered beam only non-Gaussian tails of the
beam are a source of baffle scraping. During normal operation, the heating of
the baffle has corresponded to an estimated 0.6% of beam scraping, but this is
an overestimate as heating from backscatter radiation from the target has not
been subtracted. The baffle is mounted on the same carrier as the target so
that they are moved together when the beam configuration is changed. The
baffle has beryllium windows that would contain the radioactivated graphite if
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Figure 6: The Plan and Elevation Views of the NuMI Target Hall. The locations of the
principal beam elements are shown as well as alternate Horn 2 locations for potential higher
energy configurations. Also shown are the locations of the morgue and the Work Cell.

it powdered. It also has a ventilation hole which prevents air pressure build-up.
A schematic of the baffle is shown in Fig. [

2.4. The NuMI Target

The target [27] is one of the more delicate elements in the NuMI beam
line. The target must be able to withstand the 400 kW design power without
disintegrating, while maximizing the produced flux of hadrons and hence the
neutrino yield. To maximize the neutrino flux, most of the proton beam should
be intercepted in the target in the smallest possible volume so as to minimize
the number of subsequent secondary meson interactions. This therefore requires
small transverse target dimensions. On the other hand, the target is made more
robust by enlarging both the beam size at the target and the target itself,
reducing volumetric energy deposition and gradients and maintaining a high
fraction of the beam striking the target.

The target is made of graphite of the type ZXF-5Q (POCO graphite) with
a density of 1.78 g/cm®. It consists of 47 fins, each of which is 20 mm long
(along the beam direction), 15 mm tall, and 6.4 mm wide; the fins are spaced
0.3 mm apart giving a total target length of 95.38 cm. The fins are brazed in
vacuum to two stainless steel pipes which conduct the water coolant; the pipes’
external diameter is 6 mm and wall thickness 0.2 mm. In addition to those fins,
a 48" segment is mounted horizontally in the target canister 15.73 cm upstream
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Figure 7: The NuMI Beam Baffle. Isometric and cross-sectional views are shown of the baffle
which is 150 cm long, and has a 57 mm diameter graphite core with an 11 mm diameter bore
through the middle. It is encased by 60 mm diameter aluminium tube.

of the main target. The vertical alignment for most of the targets was set by
centering the beam in the baffle and relying on the surveyed slopdﬂ This extra
fin is used in the beam-based alignment procedure as discussed in Section 4.1
For low energy running the target was inserted 50.4 cm into the first horn to
obtain the maximum flux possible in the 1-3 GeV range. In this configuration
the clearance between the last target fin and the horn conductor is just a few
mm.

The target structure was analyzed using MARS [30] for energy deposition
and finite-element mechanical modeling. Mechanical stresses, temperatures, and
cooling capability were evaluated for the highest proton intensities envisaged.
The calculated maximum instantaneous temperature rise was 288°C giving a
maximum temperature after a beam spill of 344°C. Stresses in the target have
been calculated not to exceed 25.6 MPa, compared to 36 MPa, the estimated

SFor the first NuMI target (NT-01) the 48" segment was mounted 2.26 mm above its
vertical center as the target tube was bent at the connection between the tube and the base
shortly before installation. This meant that the cross fin, which is mounted to the main can
rather than the tube, was misaligned and 2.26 mm high. For subsequent targets, a protection
fixture for target tips was built that would get removed just before installation in the Target
Hall; this resulted in no other bent target tubes. Consequently, the misalignment for the
second target (NT-02) was only 0.3 mm according to survey, and for the third target (NT-03)
it was 0.9 mm.
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fatigue limit of the graphite used. The heat load is estimated as 3.04 kW giving
a water temperature rise of 12°C assuming a water flow rate of 3 m/s.

Beryllium windows are used at the entrance and exit of the target vessel to
protect the graphite structure. The target canister and casing comprise a vessel
which provides the primary containment for the target. The target canister is
made of a solid piece of aluminium alloy, and surrounds the volume upstream of
the target. The target casing is a thin aluminium tube surrounding the target
segments. The target can be evacuated, but is normally operated in helium gas
somewhat above atmospheric pressure. Anodized aluminium spacers provide
electrical isolation of the target fins and the cooling tubes from the target casing
and the first horn to prevent any discharge between the target and the horn inner
conductor. The target and target canister design are shown in Fig.

A horizontal Budal monitor [31] consisting of a wire connected to the cooling
tube allows the measurement of delta-ray charge knocked out of the target
when it is hit by the beam. The horizontal Budal monitor allows the beam
to be scanned horizontally across the target to check the target position in
this dimension. Another Budal signal readout is located on the additional 48"
fin and provides a position check for beam scans in the vertical direction. The
cooling for this segment is provided by conduction through its clamping plates to
the canister. The clamping plates are anodized to provide the required electrical
isolation.

Fig. [0] shows a beam-eye view of the baffle inner aperture superimposed on
the beam spot, the target fin, the horn neck and the target cooling and support
structure.

2.5. The Target/Baffle Carrier

Studies of beam composition [10] require the ability to measure neutrino
energy spectra in different beam configurations with different energies. Thus
it was found very useful to build in a system that would allow energy changes
with very little down-time, which in turn implies that the changes would have
to be done remotely without access to the radiation areas [32]. The movable
carrier system that was adopted accomplishes this with about a 25% penalty in
flux compared to the more extensive beam modifications required for optimized
higher energy configurations discussed in the Section [33,32]. In this method
the two horns remain in their standard low energy positions but the target is
moved with respect to the first horn.

The target/baffle carrier system is shown in Fig. The baffle and the
target are mounted 68 cm from each other on cradles that have rollers that ride
on aluminium rails coated with tungsten-disulfide for toughness. This allows the
baffle and the target to be moved as one unit with respect to the horns when
the beam configuration needs to be changed. Furthermore, the carrier supports
target and baffle utilities such as the target cooling water supply, the target
water return line, the target vacuum line, the eight thermocouple electrical
lines and the two Budal target monitor electrical lines. Those different lines
are looped below the carrier and are attached to the carrier at the upstream
end; the downstream ends of the lines move with the cradles. The carrier hangs
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from two shafts that penetrate through a heavy shielding module. Positioning
motors mounted on top of the module allow motion control of the target £8 mm
horizontally, and +8/—200 mm vertically. For maintenance, the module and
carrier are moved to the Work Cell.

When a new target is required it is first installed on the carrier in the medium
energy position so that the target tip and baffle are not sticking out of the
ends of the carrier during the step of module insertion into the target pile.
The longitudinal positioning and readback of location of the target is all done
optically after insertion. Subsequently a beam scan is performed by slowly
steering the beam through a sequence of closely spaced horizontal locations and
the carrier is aligned transversely with the beam line using the module motor
drives. The target and baffle system is then moved on the carrier to the desired
longitudinal position. Another beam scan is then performed to see if additional
transverse adjustment is needed. The same procedure is also followed when it
is desired to change the energy by moving the target with respect to the horns.
The typical beam down-time for this whole operation is about one day.

The target can be positioned with an accuracy of 0.5 mm transversely. Lon-
gitudinally, it can be positioned to an accuracy of 1 cm, and then the position
can be surveyed with 0.3 cm accuracy. The baffle/target carrier system was
designed to maintain position to within 0.5 mm transversely and 1 mm longitu-
dinally under beam heating conditions created by up to 4x 103 POT striking the
target every 1.87 s. The NuMI carrier systems used over the course of the MI-
NOS experiment were designed to survive radiation doses of up to 10! rad/year
for up to 10 years.

2.6. The Magnetic Horns

The secondary mesons produced from the target are focused by two magnetic
horns [34], Horn 1 and Horn 2, which essentially act as hadron lenses. The horns
are illustrated in Fig. [[]] The horns significantly increase hadron flux in the
desired energy range and provide flexibility in choosing that energy. The target
to horn distance is flexible and the separation between the two horns can also be
changed. The design accommodates three potential Horn 2 positions of 10 m,
23 m, and 37 m downstream from the zero position (taken to be the upstream
end of Horn 1), corresponding to low, medium and high energy respectively,
coupled with appropriate target movement upstream. In the MINOS experiment
the option to move Horn 2 was never exercised given the prevailing wisdom on
Am? by the time NuMI turned orﬂ and the MINOS medium and high energy
configurations were achieved by moving the target with respect to Horn 1 and
adjusting the horn current. The resulting MINOS “pseudo” medium and high
energy runs were short special runs used for beam studies. Fig. [I2] shows a

"Horn 2 remained in the low-energy position during the MINOS experiment. The sub-
stantial shielding modifications needed to move the horn would have resulted in an unac-
ceptably long down period. Furthermore, physics considerations generally preferred running
with Horn 2 in the low-energy position so as to maximize the amount of data at the neutrino
oscillation peak.
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Figure 11: Schematic of the NuMI Horns’ Cross-Section Views. The top illustration shows
the shape and dimensions of Horn 1, and the bottom illustration shows the same for Horn 2.

schematic of the target inserted into Horn 1 for the low energy configuration
used in the MINOS experiment.

The NuMI horn inner conductors have a parabolic radial profile, such that
they act as linear lenses and can be treated in the thin-lens approximation
when the target is not too close to Horn 1. By Ampere’s law the magnetic field
between the inner and outer conductors should fall as 1/R and should be zero at
radii smaller than the inner conductor. The field measurements of the first horn
verified the 1/R dependence to a high degree of accuracy. Both the transverse
and axial field components were essentially zero everywhere along the beam axis
except at the neck where the transverse component was 30 gauss, 0.1% of the
maximum transverse field of 3 T [35] [36]. The parabolic shape causes the path
length of particle trajectories in the magnetic field region to approximately scale
with the square of the radius at which the particle enters the conductor. The
transverse momentum kick from the horn increases linearly with R. Thus the
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horn appears to the incoming positive hadrons as a focusing lens with a focal
length proportional to their momentum. The position of the target determines
the energy range of the hadrons focused by the horns.

The inelastic collisions which produce mesons impart a transverse momen-
tum peaking at approximately 0.35 GeV/c, with only slight dependence on
the meson longitudinal momentum. Therefore, the typical production angle of
mesons is inversely proportional to meson momentum. Hadrons produced in
the target along the beam axis pass through the horns unaffected. Hadrons
that were well focused by the first horn are generally not affected by the second
horn. A large fraction of hadrons that were either over- or under-focused by
the first horn are focused in the second horn thus increasing the efficiency of
the focusing system by about 50%. Different initial production angles with tra-
jectories through the horns are illustrated in Fig. [[3] The different trajectory
classes give rise to distinct portions of the neutrino spectrum. For comparison,
a hypothetical “perfect” neutrino flux is defined as one where every pion is di-
rected precisely along the beam axis. Fig. compares this “perfect” neutrino
flux with the actual ones.

The two horns are connected in series with the first horn conductor closer
to ground so as to minimize the potential difference between the target and
the horn. The horns are pulsed with a half-sine wave having a duration of
2.3 ms to produce toroidal magnetic focusing fields of up to 3 T. The maximum
design current is 205 kA with a repetition rate of 1.87 s, but during the MINOS
run the typical value used was 185 kA with a repetition rate of 2.2 s. To
overcome the inductance of the horns and striplines the typical voltage produced
by the power supply is 680 V. The horn current can be reversed by reversing
the power supply voltage, thus allowing sign selection of the hadrons focused to
produce an antineutrino-enhanced (7-mode) beam instead of a predominantly
neutrino beam (the normal neutrino-dominated forward horn current running
is sometimes refered to as v-mode running).

Both NuMI horns are 3 m long. The inner conductors of both horns are
constructed out of 6061-T6 aluminium, 2 mm thick for Horn 1 and 3 mm for
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target is moved).
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Horn 2, except for the neck regions where the thickness is 4.5 mm. The in-
ner conductor of the first horn is TIG (Tungsten Inert Gas) welded from seven
longitudinal sections. To minimize meson absorption and scattering in the con-
ductors, the aluminium thickness was reduced to what could reliably withstand
the mechanical stresses and fatigue due to years of 205 kA pulses. For the
same reason, no flanges were used inside the inner conducter and the latter was
specially welded. The absorption of pions in the horn conductors reduces the
neutrino flux. This reduction is illustrated in Fig. [I5] which shows simulation of
the flux with horn material changed to lower density materials. The aluminium
inner conductors of the horns are continuously sprayed with water to cool them
and remove heat deposited by the beam and electrical resistance to the current
pulse. The design dimensions and shapes of the two horns are tabulated in
Tables [l and 2l Conductors of both horns are extended at their downstream
ends with straight sections of lengths equal to the inner conductor diameter for
current equalisation. This allows the current supplied from the four stripline
taps to redistribute to a uniform azimuthal sheet. The horn inner conductor
is electroless Nickle coated, and the outer conductor is anodized. The horns
interiors are flushed with Argon gas during operation to reduce corrosion and
to remove oxygen and hydrogen from dissociation of water by ionizing particles.

The magnetic fields in the horns are monitored using a set of three pickup
(Bdot) coils in each horn, which are mounted through ports in the outer con-
ductors at the neck longitudinal positions (narrowest points) of each horn at
120° azimuth separations around the horn axis; one coil is located at top of the
horn and the other two are located toward the bottom, 120° from the top one.
Readout of the voltage induced in the pickup coils by the pulsing of the horn

26



Upstream Neck Downstream
Z(cm) 0-44.047 44.047-80.  80.-83.982 83.982-95.128  95.128-300.
Rif(em) (JRESE= 02 (SR 000 \[RAE [0
R} (cm) \ B 1.35 AT
RO (cm) 14.92
RGO (cm) 17.46

Table 1: Idealized Dimensions of Horn 1 in cm. Subscripts IC and OC refer to inner and outer
conductors, respectively, and in and out to the inside and outside surfaces of each conductor.

Upstream Neck Downstream
Z(cm) 0-97.617 97.617-104.803  104.803-300.
RIC(em) /1%=2 03 3.90 V503
R;y(cm) o155 4.40 Oy
RO (cm) 37.0
RS9 (cm) 39.54

Table 2: Idealized Dimensions of Horn 2 in cm. Subscripts IC and OC refer to inner and outer
conductors, respectively, and in and out to the inside and outside surfaces of each conductor.

provides a measurement of the magnetic field.

The NuMI horns are initially aligned with optical survey methods using
line-of-sight penetrations through the shielding. The horns have an additional
alignment system consisting of aluminium strip cross hairs attached to the down-
stream end of Horn 1 and both the upstream and downstream ends of Horn 2,
and also beam loss monitors located downstream of each horn. The loss moni-
tors are mounted away from the beam axis and detect secondary particles from
beam proton interactions in the cross-hair material during the alignment pro-
cess discussed in Section [4.1] This system allows the locations of the NuMI
magnetic horns to be measured relative to the incident proton beam center line.
Fig. [16| shows pictures of both horns with their alignment cross hairs. The cross
hairs remain in place during running.

Similar to the target, the horns are hung from horn support modules which
provide mechanical support, cooling water, instrumentation connections and
precision alignment capabilities. Horn 1 can be remotely controlled and trans-
versely adjusted by +3 mm in both the horizontal and vertical directions. The
Horn 2 position cannot be adjusted within the module after it has been placed
in its final location, and so becomes the fixed point that beam and other com-
ponents are adjusted to match. There is provision for adjustment of Horn 2 by
re-shimming the carriage that the module sits on, but that feature has never
been exercised.
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Figure 16: Photographs of Downstream Ends of Magnetic Horns. Horn 1 is shown on the
left, and Horn 2 is shown on the right. The aluminium cross hairs used to align the beam are
visible in both pictures.
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2.7. The Decay Pipe

The function of the decay pipe is to provide a vacuum or low density en-
vironment for the mesons to propagate and decay after being focused by the
horns. The mesons decay into tertiary mesons, charged leptons and neutrinos,
thus producing the neutrino beam. Mass along the trajectory causes some frac-
tion of the mesons to interact, reducing the neutrino flux. It also introduces
Coulomb scattering that somewhat alters the mesons’ paths.

The decay length for a 10 GeV pion, which would produce a 4.2 GeV neutrino
is about 700 m. Thus for beams in this energy range it is not cost effective to
make the decay pipe much longer. The divergence of low-energy mesons is
greater, and thus a wider decay pipe radius would accommodate more meson
trajectories and produce more neutrinos.

The NuMI decay pipe is 2 m in diameter and 675 m in length within a larger
excavated tunnel. At the time when the design had to be frozen the optimum
energy was still uncertain since a large range of Am32, could account for the
atmospheric neutrino observations. Thus no detailed optimization was possible.

The NuMI decay pipe runs through the whole length of the decay tunnel.
The pipe is made from steel pipe sections which are 12.2 m long and have a 2 m
inner diameter. The steel thickness is 0.95 cm. Each pipe section is reinforced
with five encircling stiffener rings, also 0.95 cm thick, and 12.7 cm tall in the
radial dimension, to prevent buckling when the decay pipe is evacuated and to
provide structural integrity against the surrounding concrete shielding. The pipe
runs through the approximate center of the decay tunnel, which was excavated
with a tunnel boring machine 6.7 m in diameter. Various sections of the tunnel
were enlarged using ordinary drilling excavation, to allow for thicker surrounding
shielding in the upstream sections and also a passageway outside of the shielding
along the entire length of the pipe. The steel pipe sections were held above the
floor of the tunnel by steel support structures. The pipe sections and supports
were installed one after another, downstream to upstream, surveyed to confirm
correct placement around the beam center line, then welded together. The
supports also served to hold the pipe down against buoyant forces applied when
concrete for shielding was poured in.

The decay pipe starts 46 m downstream of the NuMI target. A thin two-
component steel-aluminium window closes the upstream end of the decay pipe.
The upstream window is thin to minimize meson interactions, while thick enough
to provide sufficient strength to avoid any possibility of rupture. The adopted
solution utilized the fact that the meson beam leading to observed neutrinos does
not cover the full 2 m-diameter beam pipe aperture but only the central part
corresponding to the beam chase dimensions. The decay pipe window consists
of a central 1.6 mm thick aluminium disk that is surrounded by a 0.95 cm thick
steel annular window. The downstream window is made from 6.35 mm steel.

The decay tunnel was backfilled with concrete around the steel decay pipe to
provide shielding for the groundwater from particles impacting the pipe walls.
A 1.27 m wide egress passage was maintained along the east side of the tunnel;
this passage provides emergency access between the upstream Target Hall and
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the downstream MINOS areas. A picture of the decay tunnel during construc-
tion is shown in Fig. As mentioned above, the concrete shielding itself is
thicker upstream than it is downstream due to the higher number of upstream
interactions and ranges from 2.1 m at 150 m, to 1.4 m at 425 m, along the decay
pipe. At the beginning of the MINOS experiment running in 2005 the decay
pipe was evacuated to a pressure of 0.5 Torr to avoid the hadrons reinteracting
in air and being lost. In 2007 the decay pipe was filled with helium to a pres-
sure of 13.2 PSTA due to possible corrosion of the decay pipe entrance window
which could compromise its mechanical strength. The effect of this change on
the neutrino spectrum was of the order of a few percent loss as will be discussed
in Section (mostly in the focusing peak).

The decay pipe and the surrounding concrete are heated by the energy de-
position of off-angle particles. Simulations have shown that the total energy
deposition in the pipe in the low energy beam configuration is 63 kW, and an
additional 52 kW deposition in the surrounding concrete. Such a large energy
deposition would give rise to an increase in temperature of the steel such that
the resulting thermal expansion could crack the surrounding concrete. To al-
leviate this situation, before the concrete was poured, 12 copper cooling lines
were installed symmetrically around the circumference of the pipe along its full
length. Those water cooling lines were connected to heat exchange systems with
150 kW capacity at each end of the decay pipe. The calculated temperature of
the pipe with this arrangement was 50°C.

An additional focusing system named the “hadron hose” [37] had been con-
templated early in the NuMI project. The hadron hose would be a conductor
carrying 1 kA along the entire axis of the decay pipe. The current would in-
duce a toroidal field to focus the secondary mesons and cause them to follow a
spiral path along the axis of the conductor, and thus increase their probability
of decaying before hitting the walls of the pipe. The 1 kA current would be
pulsed for 0.5 msec in synchronism with the beam and result in roughly a 30%
increase in neutrino flux. In addition, such a system would reduce the Near/Far
flux differences thus decreasing the need for detailed reliance on Monte Carlo
simulations. Extensive studies were made of mechanical, electrical and thermal
issues and the system appeared workable for those parameters. A 14 m long
prototype was constructed and tested successfully without beam. This device
was eventually not pursued due to financial constraints.

2.8. The Absorber

The NuMI absorber is a massive aluminium, steel and concrete structure
just downstream of the decay pipe whose function is to absorb the residual
beam. A schematic of the beam area downstream of the decay pipe which
includes the hadron absorber, as well as the location of the muon monitors, is
shown in Fig. According to NuMI beam simulations [38], approximately
1/6 of the primary beam power reaches the end of the NuMI decay pipe in
the form of various particles. Of the particles interacting in the absorber, the
principal component (approximately 80%) is the proton beam that has not
interacted. The remainder are mainly mesons which have not decayed in the
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Figure 17: The NuMI Decay Pipe Tunnel. The left photograph shows the decay tunnel before
the decay pipe was installed. The wall was the form for the concrete shielding and the worker
shown was standing in the egress passage. The right photograph shows the installed decay
pipe with concrete shielding being poured. The stiffening ribs around the pipe are also visible
as well as the copper cooling lines running along the length of the pipe.

pipe or secondary protons. A small fraction (around 4%) is due to electrons,
neutrons, and gammas. Muons and neutrinos deposit little or no energy in the
absorber.

The absorber has several functions. First, it stops most of the particles still
remaining in the beam. Their energy is deposited through ionization and the
resulting heat is transferred to circulating water through thermal conduction.
Second, it serves to protect groundwater from irradiation. Third, it also limits
the levels of radiation in tunnel regions accessible to personnel under all running
conditions. Fourth, it limits residual radiation to people accessing the absorber
hall under beam-off conditions. The absorber design requires that it meet its
principal functions not only during the regular operation of the beam but also
in accidental situations (for example accidental mis-steering of the beam) when
the primary proton beam does not interact in the target for a short time and
its full power is deposited in the absorber.

A schematic of the hadron absorber itself, as well as a picture of the absorber
during assembly, are shown in Fig. The absorber [39] is essentially a box
approximately 5.5 m wide x 5.6 m tall x 8.5 m long. It is housed in the absorber
enclosure, an underground excavated hall with dimensions 8.2 m wide x 6.1 m
high x 15.2 m long. The central section of the absorber, the core, has dimensions
1.3 m wide x 1.3 m high x 4.75 m long. It is composed at its upstream end of
eight 1.3 m wide x 1.3 m high x 0.3 m long machined aluminium blocks placed
longitudinally to the beam, followed by ten 1.3 m high x 1.3 m wide x 0.23 m
long flame-cut steel blocks. The aluminium is 6061-T6 aluminium, an alloy that
is 98% aluminium with density 2.70 g/cm3. The steel in the COI‘Eﬂ is a grade of

8Continuous Cast Salvage (CCS) from US Steel - Gary Works.
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steel from the areas of the batches, or heats, where the steel does not conform to
ASTM standards due to its chemical composition. It has essentially properties
of steel ASTM-836 grade and is about 98% iron. The density of these blocks is
very uniform with an average of 7.8416 g/cm?3=40.0004 g/cm3. Each of the eight
aluminium blocks is cooled by a pair of drilled water cooling loops, each loop
with its own water supply and return pipe for redundancy. The water pipes
are aluminium, and welded to the blocks rather than using a fitting. A total
of 32 cooling water pipes run longitudinally through the core blocks in 3.8 cm
diameter holes. All the cooling pipes are made out of single continuous lengths
to reduce any possibility of leaks.

The absorber core is surrounded on the sides, above and below, by 88 Du-
ratek steel blocks. Their dimensions are nominally 1.32 m x 1.32 m x 0.66 m
but their inherent non-uniformities in dimensions (of the order of 5 mm) create
small gaps between neighbouring blocks. The function of the steel blocks is to
catch the tails of the hadronic showers created in the core. There are additional
steel plates 46.3 cm thick placed on top of the BluBlocks. The final, outer layer
of the absorber is composed of concrete whose main function is radiation shield-
ing, specifically absorption of thermal and low energy neutrons for which iron
is relatively transparent. Concrete blocks are stacked around the downstream
end of the decay pipe and on the sides of the steel blocks.

2.9. The Muon Shield

The muons remaining in the NuMI beam after the decay pipe and absorber
are ranged out in the so-called muon shield, which simply consists of 240 m of
solid dolomite rock between the absorber and the MINOS ND hall. This distance
was originally specified for COSMOS [4] so there would only be muons in their
detector from neutrinos interacting upstream. However, without a muon shield,
MINOS would also suffer from muons from hadron decays in the beam pipe
as the Near Detector electronics would be overloaded and pattern recognition
likely made impossible.

3. NuMI Beam Line Instrumentation

3.1. Proton beam line monitors

The instrumentation in the NuMI proton beam line serves several purposes.
It monitors the extraction of the NuMI proton beam from the Main Injec-
tor, provides precision position information for automated control of the beam
transport and targeting, measures the number of protons delivered to the NuMI
target on a pulse-by-pulse basis, and provides input to the beam permit system
which inhibits the beam in case of malfunctions. The high power of the pro-
ton beam imposed the requirement to keep beam losses to a very low level and
made extensive instrumentation necessary for safe and efficient operation. The
design criterion chosen, to satisfy all constraints, was for the sustained proton
loss fraction never to exceed 10~° in the extraction region and over the length
of the proton beam line, and also to preclude further extractions if single pulse
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Concrete Shielding

Steel Shielding

Beam

Steel Core

Aluminum Core

Figure 19: The NuMI Beam Hadron Absorber. The top Figure shows a schematic of the
hadron absorber. The left bottom picture shows concrete block shielding around the down-
stream end of the decay pipe before the installation of the hadron absorber. The bottom right
photograph shows the completed hadron absorber with the back wall of concrete blocks, and
the steel roof blocks.
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losses at this level or larger do occur. Typical fractional beam loss is maintained
at a factor of 30 below this limit.

The number of protons delivered on target are monitored on a pulse to pulse
basis using two toroids which encircle the proton beam and are positioned at two
different places along it. TOR101 is located in the upstream NuMI beam line,
and TORTGT about 10 m before the NuMI target. Each toroid’s integrated
signals are digitized with 14 bit precision. The toroids are calibrated absolutely
by a high precision current source whose calibration is checked regularly. In
addition the two toroids have been compared with the readings of a DC current
transformer which measures the intensity of the Main Injector beam and should
give the same value as the two toroids for pulses entirely devoted to NuMI.
Fractional beam extraction losses are maintained below part-per-million levels.
The two toroids agree to 0.2% and the absolute accuracy is 0.5%.

NuMI also has two resistive wall monitors (RWMs) with 1 GHz bandwidth.
One in the Main Injector is used to examine the bunch structure of the beam
at injection and before extraction. There is also a dedicated RWM in the beam
line, which is able to show the effects of the kicker rise and fall times.

The beam line is instrumented with two types of beam loss monitor. One
set of those are four total loss monitors (TLMs) located in the downstream part
of the beam line. A TLM is a coaxial cable, with Ar-CO5 gas between the
coaxial conductors. Each TLM is about 75 m in length, positioned in a cable
tray adjacent to the beam line, with 800 volts potential on the center conductor.
The total ionization current from beam loss seen over the TLM length is then
recorded on a pulse-by-pulse basis.

The other type of beam loss monitor is a set of 48 sealed gas ionization
chambers generally mounted on magnets and installed over the length of the
beam line. Their threshold readings of <0.002 rad/s correspond to a fractional
loss of 6x10~® each. Logarithmic amplifiers used to read them out provide six
decades of dynamic range. Readouts from all beam loss monitors are then input
into the beam permit system, which inhibits the next beam pulse for any beam
loss above preset thresholds. Besides these two sets, there is one safety system
ionization chamber located in the upstream part of the NuMI beam line set to
remove the beam permit and bring down the safety interlock (i.e. shut down the
beam) if more than 1.7 rads/s are seen.

The beam is also instrumented with two sets of monitors to measure the
position and profile of the beam at various locations. One set consists of 13
horizontal and 11 vertical beam position monitors (BPMs). Each BPM consists
of two cylindrical electrodes, with the difference in charge induced on each
electrode by the beam giving a precise measurement of the beam position in
the horizontal or vertical. These are relatively standard Fermilab devices in use
now for some time except for the electronics, which have been modified so as to
read out charge during each one of the Booster batches. Because they involve
no material in the beam, they are able to remain in their positions during all
operations.

Besides the BPMs, the beam is instrumented along its length with ten sec-
ondary emission profile monitors (SEMs) [40]. These utilize either 5 pm thick
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Figure 20: Comparison of the Position Measurement in the BPM and Profile Monitor. The
left graph shows the scatter of the position measured in the BPM labeled HPTGT compared
to that in the adjacent profile monitor, labeled PMTGT. The right graph shows the histogram
of distances of points from the diagonal of the left plot.

titanium foils or 25 pym diameter titanium wires, with 1 mm pitch for the up-
stream monitors and 0.5 mm pitch for the two near the target. The SEM closest
to the target remained positioned in the beam while those along the beam trans-
port line were designed so as to be easily moved out of the beam during data
taking so as to minimize material in the beam. A comparison of beam posi-
tions recorded by the BPM and SEM close to the target shown in Fig. 20] gives
19 pm sigma for the sum in quadrature of the BPM and profile monitor position
resolutions.

The currents in the trim magnets in the NuMI beam line are adjusted on a
pulse-by-pulse basis as necessary by the program Autotune, which was developed
and has been used extensively at Fermilab [41]. The ability to maintain precision
control of beam positions on target has consistently been very robust. Fig.
shows plots of vertical and horizontal proton beam positions at the target for
all beam spills over a one month period.

To guard against any potential malfunction, a comprehensive Beam Permit
System (BPS) has been implemented which inhibits the beam when any mal-
function is detected. 250 different inputs are provided to this system. The
information from the BPM’s about the position of the beam constitutes a very
important input to this system. Single-point beam losses during operation, in-
cluding through the NuMI beam extraction channel, are normally maintained
at fractional levels of less than one part-per-million. The beam losses along the
proton beam line are displayed in Fig.[22] This very low beam loss environment
is needed for robust environmental protection, and ensures negligible residual
activation for proton beam-line components. Both Autotune and the BPS are
discussed in more detail in Section .3l
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Figure 21: Distribution of Proton Beam Positions in Vertical and Horizontal Planes. The
proton beam positions are determined by the target BPMs. The beam is centered on the
target, which is located at (z,y)=(-1.2,4+1.0) mm. The beam is stable to an RMS variation of
approximately 90 pm over the 1.3 million spills shown.

[- === |osses from individual BLMs
- === Losses from TLM in NuMI Stub
10 ™ Losses from TLM in NuMI Upper Hobbit
F === Losses from TLM in NuMI Lower Hobbit
- ™= Losses from TLM in NuMI Pre-Target
107

Average Losses during Spill Rad/s

b
800 1000 200
Distance from Q608 in Feet

Figure 22: Average Losses along NuMI Beam Line during the 10 pus Beam Spill. The losses are
shown for the beam in NuMI Mixed Mode (see Section in January 2006 and are well below
the design limit all along the full length of the beam line. There are several sections of the
NuMI primary beam line before the proton beam reaches the target. Those are in sequential
order the NuMI Stub, the NuMI Upper Hobbit, the Lower Hobbit, and the Pre-Target section.
They are shown in different colors in this graph.
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3.2. Monitors in the Target Hall

Measuring devices have also been installed on the baffle, on the target, and
on and next to the horn system. The baffle system gives notice if an unusual
fraction of the beam is mis-steered (or the beam is exceptionally large). Under
normal operation only a sub-percent fraction of the beam strikes the baffid’]
When some beam protons strike the baffle, its temperature rises and is measured
by a thermocouple mounted on its downstream end. The relationship between
the temperature rise and the number of protons striking the baffle has been
calibrated by steering a low-intensity beam into the baffle. This temperature is
one of the inputs to the BPS.

The target is equipped with two Budal monitors which measure the net
charge kicked out of the target by the proton beam and have been discussed in
Section [2.4l The magnetic field of Horns 1 and 2 is monitored by a set of three
pickup coils in each horn as has been previously described. The other relevant
instrumentation associated with the horns is the cross hair system which is
used for alignment of horns with the beam. Cross hairs are vertical strips of
aluminium mounted on the downstream end of Horn 1 and on both ends of
Horn 2, 2.5 mm away from the beam center line (one on each side for Horn 2).
The Horn 1 cross hair is 12 mm deep and the Horn 2 cross hair strips are
36 mm deep on the upstream end and 12 mm deep on the downstream end.
During horizontal scans of the beam when the protons sweep across the hairs
the extra proton interactions in the cross hairs increase the size of the signal
in the associated BLMs which are mounted downstream of the horn and away
from the beam. The calculated precision of the alignment with this technique is
£0.5 mm. Each cross hair also has an additional horizontal nub that is 1 mm in
vertical height and extends horizontally 3.5 mm towards and across the center
of the beam line. It is used in the scans for vertical alignment. The loss in
neutrino interaction rate due to this extra cross hair material in the beam is

0.2%.

3.3. Hadron and Muon Monitors

The location of the hadron and muon monitors [42] is shown in Fig.
Both those monitors are based on the ionization chamber technology but they
are somewhat different mechanically and have different functions. The hadron
monitor is installed at the end of the decay pipe 80 cm in front of the absorber.
Thus it can be used to measure mainly the residual hadron flux consisting of both
uninteracted protons and secondary hadrons that did not decay or previously
interact. It is used to track the proton spot and the integrity of the NuMI target.
It is in a very high radiation environment, up to 10° charged particles/cm? /spill
during beam operation, consisting predominantly of 120 GeV protons which
have not interacted in the target or in the decay pipe. In addition, the monitor
sees 2 x 109 neutrons/cm? /spill, largely as a result of splashback from the hadron

9Because of radiation backscatter one can only set a limit of less than 0.6% of the beam
scraping the baffle.
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Figure 23: Photograph of the Hadron Monitor Ionization Chamber Array during Assembly.
The array has 49 chambers and has a total area of approximately 1 m X 1 m. The hadron
monitor chamber array uses helium as the ionization medium.

absorber. The particle fluences result in 1.3 Grad/year at the monitor center
and 1.0 Grad/year at its edge. Initially, because of budgetary reasons, the plan
was that the hadron monitor would be used only for low-intensity beam tuning
and beam alignment and probably not survive lengthy exposure in full-power
beam. Accordingly the initial construction anticipated that fact and provision
was made for access to the hadron monitor so that later designs for a removable
and replaceable system could be incorporated. The hadron monitor was found
to be very useful as discussed in Section and after the first unit failed two
more were built with special mounting and a removal system designed so that
the chamber could be moved out of the beam in case of failure.

The hadron monitor is a square array of 49 chambers each one 10.2 cm on
the side. The individual chambers are parallel plates made from ceramic wafers
with Ag-Pt electrodes separated by a 1 mm gap. They are mounted on the rear
wall of a single aluminium chamber sealed with Pb-Sn wire. The signal and
HYV cables are transmitted to the monitor edge through ceramic feedthroughs
to custom-made cables with aluminium core, ceramic tube insulators and alu-
minium sheath shields. There the cables are spliced to a kapton-insulated coax-
ial cable. A photograph of the ionization chambers during assembly is shown in
Fig. This chamber array, as well as the muon ones, uses helium gas as the
ionization medium.

The three muon monitors are in specially-excavated muon alcoves in the
dolomite downstream of the NuMI hadron absorber. In their locations the
only charged particles which survive are muons and thus they are not exposed
to large amounts of radiation. The three locations correspond to detection
thresholds due to muon range-out of 4 GeV, 10 GeV, and 20 GeV. By providing
a 2-dimensional profile of the muon beam at these locations, the quality and
relative intensity of the beam can be monitored on a pulse-to-pulse basis.

The muon chambers are all of the same construction and are 2.3 m x 2.3 m

39



ELECTRICAL
FEEDTHROUGHS

LEVEL
ADJUSTMENT

BEAM

KDIRECTION

Figure 24: Schematic Drawing of a NuMI Beam Muon Monitor. The mounting of the nine
tubes which contain the nine ionization chambers is shown to illustrate the construction and
size of the muon monitors.
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Figure 25: View of a Portion of a Muon Monitor Tray. The individual chambers are mounted
to an aluminium channel which sits in the tray. The cables run down the length of the channel
from the chambers to the feedthroughs in the flange at the end of the tray. The front view of
the flange is shown on the left.
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Figure 26: The Detection Efficiency for Muons in the Three Muon Monitors. The curves
show the fraction of muons exiting the downstream end of the decay pipe which reach the
three muon monitors as a function of their momentum at the end of the decay pipe. The
curves were calculated using a Monte Carlo simulation with detailed material composition
and absorber simulation. It can clearly be seen that the muon monitors that are separated
from the decay pipe by more rock see muons with higher momentum as the lower momentum

muons are stopped before ever reaching the monitors.

in size. They consist of 9 x 9 orthogonal arrays of individual ionization chamber
modules which are 10.2 cm on the side and have a 3 mm gap between their
electrodes. Their support structure consists of 9 vertical tubes 15.24 cm wide
and 228.6 cm high and made of 0.37 cm thick aluminium. Each vertical column
of 9 chambers is located in a tray, which slides into one of these aluminium
tubes, with signal and HV routed to the end of the tube via shielded Kapton
insulated cables. Fig.[24]shows a schematic drawing of a muon monitor used in
the NuMI beam line. Fig. [25|shows a schematic view of a muon monitor “tray”

with more detail.
indicate that the response quantifying the number of muons going through is
0'3 protons per

linear up to a NuMI muon flux corresponding to at least 2.5 x 1
spill. The chambers in the downstream alcoves show a large drop in rates. This

is illustrated in Fig. [26] which indicates the muon momentum threshold for each

Beam tests at Brookhaven National Laboratory [43] and at Fermilab [44]

alcove.
stream muon beam. Since muons and neutrinos are produced in the same pion

Muon chambers have been used exclusively to study the profile of the down-
or kaon decays, muon distributions reflect reasonably well the neutrino distri-
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butions except that they are somewhat modified by Coulomb scattering of the
muons in the intervening rock. In principle the muon rates can also be used
to obtain absolute neutrino intensities and an effort has been made to make
progress on this front [45] 46]. The issue is quite complex, however, largely
because of difficulties in evaluating the delta-ray contribution to the ionization
deposited in the chambers.

8.4. MINOS Near Detector

Strictly speaking the MINOS Near Detector is not part of the beam instru-
mentation but rather a part of the MINOS experimental neutrino detection
apparatus. It does provide important beam monitoring functions so it seems
appropriate to include a few comments about it in this section. It is a mag-
netized segmented iron-scintillator calorimeter located 1.04 km downstream of
the NuMI target. The location is behind a sufficient amount of rock that the
only particles entering the ND are neutrinos and muons and possibly parts of
hadronic showers from neutrino interactions just upstream of the detector. It
has been described in detail in [47].

Both the strength and the weakness of the Near Detector as a beam monitor
lie in the fact that it deals with final neutrino interactions and hence higher-
level information. One of the implications is that neutrino event statistics need
time to accumulate and thus longer time scales may be necessary for identifying
potential problems. The other implication is that much higher quality informa-
tion can be obtained, for example from the full fit of the interactions, so that a
more precise diagnosis of a problem can be made. A good example here is the
damage of Target number 2 (discussed in the next section) where information
on the neutrino spectrum was crucial for understanding the the nature of the
problem. However such information comes in days or weeks rather than on a
pulse-by-pulse basis.

4. Beam Operations

This section is concerned with various issues connected with the operations
of the NuMI beam. The initial subsection deals with the beam-based alignment
procedures that were followed whenever there was a major change in the beam
elements, for example the insertion of a new target or a new horn. Normal
operations then resumed only when satisfactory alignment of the key elements
was achieved. The next subsection discusses the normal mode of operation
of the beam and how “slip-stacking” techniques are utilized to increase the
number of protons delivered to the NuMI target. Daily NuMI beam operations
are discussed along with an overview of the performance of the beam during the
seven year long run of the MINOS experiment.

4.1. Beam-Based Tuning and Alignment

Beam-based alignment is a procedure to align the beam components to the
proton beam position as measured by the primary beam instrumentation, in
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order to limit systematic errors that would arise from any deviation. The neu-
trino spectrum of the NuMI beam is quite sensitive to the relative alignment of
the target and of the horn system. Sub-millimeter precision is required in these
components, particularly the target, protective baffle, and two focusing horns.
Small misalignments of the components will not only change the overall rate
of the beam, but also distort the spectrum; they do so differently in the Near
and Far Detectors, potentially biasing a neutrino oscillation measurement. In
this subsection the method used to achieve this relative alignment is described.
This discussion is very much based on material presented in [48], where a more
detailed discussion of these procedures is given.

An optical survey was performed of all the beam components prior to ini-
tiation of the beam. The accuracy of this survey for the beam components in
the Target Hall was 0.5 mm. The absorber, 725 m away from the target, was
surveyed with relative accuracy of £2.5 cm. An initial beam-based verification
of the optical survey was performed prior to installation of the target. The pro-
ton beam passed unimpeded through the decay volume to the hadron monitor
732 m away from the two most downstream SEMs, which measured the beam
position and direction at the target location. The agreement between the actual
measurement and the predicted location was better than 2 cm in both direc-
tions, verifying the primary beam direction obtained from the optical survey at
the level of 30 prad.

As discussed previously in Section the target and baffle are rigidly
mounted on the same assembly and are thus fixed in position and angle with
respect to each other. Their positions in the beam line were initially mea-
sured with the optical survey. Beam-based alignment is performed after all the
shielding is assembled by rastering a low intensity proton beam across physical
features of the beam components. The primary beam optics allow for trans-
verse movement of the proton beam while remaining parallel with the central
axis. For these measurements, the proton intensity was significantly reduced
to 4-8x10'' protons per pulse; higher intensities would risk damage to beam
components such as the target cooling lines and horn conductors. The initial
beam alignment took place on March 3 and April 25, 2005. The beam dimen-
sions during the first alignment run were o, X o, = 0.7 x 1.4 mm?2. During the
second alignment run they were 0.9 x 0.9 mm?. The latter beam aspect ratio
corresponded closely to the nominal beam spot used for data taking runs at full
intensity.

These alignment procedures have been repeated whenever the target has
been moved or replaced. The method takes advantage of the facts that the pro-
ton beam is attenuated and generates additional radiation as it passes through
material, and that the RMS width of the beam increases due to multiple scat-
tering. Variation of the intensity and spatial distributions measured in the
hadron monitor and loss monitors associated with the horn crosshairs are used
to determine the positions of the elements being studied. The measured data
are correlated to the proton beam position and are fit to a set of empirical
functions to obtain quantitative determination of device positions and angles.

Fig.[27 shows the charge collected in the hadron monitor as the proton beam
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Figure 27: Vertical Scan of the Proton Beam Across the Target and Baffle. Plotted is the total
amount of charge collected in the Hadron Monitor on March 5, 2005, normalized by proton
beam intensity, as a function of proton beam position at the target. The edges on each side
correspond to the edges of the baflle passage.

is scanned vertically across the target and baffle. In the central part of the graph
the proton beam passes through the target and is attenuated by 2.0 interaction
lengths of the target graphite. The signal drops at either side corresponding to
the beam entering the baffle and experiencing 3.1 additional interaction lengths
of graphite in the baffle. Horn focusing was disabled for this measurement. The
data indicated that the position of the baffle was at +1.2 4+ 0.1 mm with respect
to the proton beam axis.

The vertical position of the target can be obtained from the increased RMS
width of the beam due to the presence of the horizontal fin which provides
additional mass in the path of the beam. The RMS distribution is shown in
Fig. 28] The RMS is higher in the wings than in the center due to scattering
while passing through the baffle. The horizontal fin causes the small increase
near the center. A Gaussian fit to this structure gives the value for the center
of +1.8 £ 0.1 mm.

The horizontal beam scan measurement is displayed in Fig. The beam
is scanned horizontally and it passes first through the baffle, then through the
gap between the baffle and the target, then through the target and then again
through the gap, and finally the baffle. The beam is unattenuated in the gap
and attenuated heavily in the baffle that is longer than the target. The fit to
the baffle width gives 10.7 mm, suggesting that it was off-center relative to the
beam by as much as 1.3 mm vertically, or at an angle up to 200 prad.
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Figure 28: Vertical Scan of the Proton Beam Across the Target and Baffle. Plotted is the
RMS of the measured distribution in the Hadron Monitor shown as a function of proton beam
position at the target. The position of the horizontal fin is indicated by an increase in RMS
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showing the fit without the effect of the horizontal fin.
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Figure 30: Horizontal Scan of the Proton Beam Across the Target and Baffle. This graph
shows data from a single horizontal scan of the target showing the pulse height seen in the
Hadron Monitor, first Muon Alcove, and the target Budal monitor. The solid (dashed) lines
indicate the edges of the target (baffle) as indicated by the previous beam alignment scans
using the Hadron Monitor.

In principle, both the muon monitors and the Budal monitors (see Sections
and can also be used to obtain positions of the target and the baffle.
They were not used in this analysis because of the inherent systematic difficulties
that are more severe than with the hadron monitor. Their qualitative results,
however, are consistent with the hadron monitor measurement as can be seen
in Fig. 30| showing the profiles for the hadron monitor, first muon monitor, and
the Budal monitor from a horizontal scan.

The alignment of horns was performed with similar techniques. The target-
baffle carrier was removed for these studies to minimize the proton beam size
at the horn locations. When the proton beam passes through the cross hairs
mounted on the horns, secondary particles and radiation produce signals in
ionization loss monitors adjacent to the horns. The location of the horns is
established by variation of this signal as the beam position is changed. Fig. [31]
showing the signal on Horn 1 loss monitor from a horizontal scan, illustrates the
technique. The steep edges on each side correspond the the horn neck (minimum
inner radius of 18 mm). They allow determination of the position of the center
of the horn neck as -0.46 mm, compared to 0 mm for perfect alignment. The
bump near -4 mm is due to the cross-hair and gives its position as -3.36 mm
which should be -2.5 mm for perfect alignment. The position and angles of the
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Figure 31: Horizontal Scan of the Proton Beam Across Horn 1. The signal is shown for the
Horn 1 loss monitor as a function of horizontal beam position in mm. Superimposed on the
data is the fit used to determine the center of the horn neck from the outer peaks, and the
crosshair position from the central peak.

horn are determined by the two independent measurements of horizontal and
vertical positions.

Variation between different measurements of the same parameters and the
uncertainties in the fit results allow estimation of the position uncertainty as
40.3 mm for the baffle, target and Horn 1 and 4+0.5 mm for Horn 2. The horn
angle uncertainty is estimated as 0.2 mrad. The results of the fits for the
different measurements are summarised in Table

Several of the deviations from the ideal alignment would have led to un-
acceptably large biases or systematic errors for the neutrino oscillation mea-
surements. Particularly, the target horizontal offset and baffle offsets would
have caused a deviation greater than 2% in the calculated ratio between mea-
surements in the Near and Far Detectors, potentially spoofing or masking an
oscillation signal, or giving erroneous values of the oscillation parameters. Some
of the offsets were corrected by redirecting the beam. During the data running
the beam was steered to x = -1.2 mm and y = +1.0 mm at the target. The
neutrino spectrum is not very sensitive to the vertical position on the target
because of its vertical orientation. Accordingly, it was chosen to steer the beam
to the vertical center of the baffle to minimize scraping. The reduced offsets
and angles are listed in Table 4l Additionally tabulated are the maximum sys-
tematic distortions of the Near-to-Far ratio of the energy spectra in the MINOS
detectors corresponding to the residual errors.
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Device | Direction | Offset (mm) | Angle (mrad)
Baffle Horz -0.75 < 0.14
Baffle Vert +0.14
Target Horz -0.95 < 0.14
Target Vert -0.90
Horn 1 Horz -0.65 -0.18
Horn 1 Vert -0.33 +0.20
Horn 2 Horz -1.01 -0.11
Horn 2 Vert -1.61 -0.42

Table 3: Positions and angles of Target Hall components as measured with the beam-based
alignment. There is only one position measurement in the vertical direction for the target and
baffle, so there is no angle information.

Device | Dir. | Offset | Effect % Angle Effect %
Baffle Horz | 0.0 mm < 0.1 -0.1 mrad < 0.1
Baffle Vert +0.1 < 0.1 -0.7 < 0.1
Target | Horz -0.2 0.4 -0.1 < 0.1
Target | Vert -0.9 < 0.1 -0.7 0.3
Horn 1 | Horz -0.0 < 0.1 -0.2 0.3
Horn 1 | Vert -0.2 < 0.1 +0.3 0.4
Horn 2 | Horz -0.6 0.2 -0.2 < 0.1
Horn 2 | Vert -0.9 0.4 -0.4 < 0.1

Table 4: Positions and angles of Target Hall components, after repositioning of the target
and proton beam. Also listed are the calculated systematic effects on the Near-to-Far ratio
of the neutrino energy spectrum in MINOS detectors for that offset or angle. Several of the
individual effects would exceed the 2% error budget without the alignment procedure.

The beam based alignment is done with all the shielding in place, while
the optical survey is done before placement of the top concrete covers. The
survey monuments in the target hall were seen to move when the concrete
shielding covers were added by an amount that indicates that much of the
difference between the optical survey and the beam based alignment may be
due to deformation of the target pile walls under the load of the covers.

4.2. NuMI Mode of Operation

The Fermilab Main Injector, which is used to create the NuMI beam, receives
8 GeV protons from the Fermilab Booster and accelerates them to 120 GeV.
The full acceleration cycle starts with a Cockroft-Walton (replaced by an RF
quadrupole after the MINOS experiment was completed) which accelerates H™
ions to an energy of 750 keV. Subsequently a 201.2 MHz linac accelerates them
to 400 MeV and sends them through a thin (typically 400-600 ug/cm?) carbon
foil to the Booster. The foil strips two electrons from each ion and converts the
ions from H™ to HT. The Booster then accelerates those protons to 8 GeV.
The Booster is a rapid cycling synchrotron with a sinusoidal magnet ramp with
a frequency of 15 Hz, i.e. a nominal cycle time of 67 ms. The Booster has a
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harmonic numbeﬂ of 84 and an accelerating RF that ramps up the frequency
from 37.8 MHz at injection to 52.8 MHz at extraction to match the RF frequency
of the Main Injector. At low energy, a three-bucket wide “notch” is formed by
removing three bunches with a dedicated kicker, leaving a gap to allow for the
rise time of the extraction kickers, and a “batch” of typically 81 proton bunches
to be delivered to the Main Injector.

The circumference of the Main Injector is seven times that of the Booster
which allows the injection of seven Booster batcheﬁ However, one slot must
stay empty so as to allow the extraction kicker to ramp up, so a maximum of
six proton batches can be accelerated in the Main Injector. At the beginning of
the MINOS run there were two alternative modes of operation. The one used
most of the time, “mixed mode”, involved first injecting two batches into the
Main Injector and then coalescing them via the slip-stacking technique described
below. Subsequently five more batches were injected and all six resulting batches
were accelerated to 120 GeV. The double bunch was then extracted and sent
to the Accumulator for antiproton production and the remaining five were sent
to the NuMI beam line. An alternative running mode was the “NuMI-only
mode”. It was used when the Accumulator could not accept protons; in this
mode all six batches from the Main Injector were sent to the NuMI beam line.
This was the mode of operation after the Tevatron shutdown. This multi-batch
injection required development of synchronisation between the Booster and the
Main Injector which had never been required before at Fermilab [49]. Fig.
shows the Booster batch distribution.

During the course of the MINOS experiment, the “slip-stacking” technique
[28] 50], which had been previously used to increase the intensity of the batch of
protons devoted to antiproton production, was extended to increase the beam
intensity for NuMI through the injection of additional batches into the Main
Injector. It became operational in January 2008. In this mode, five batches
of beam were injected into the Main Injector and deccelerated slightly, causing
them to begin to slip around the circumference with respect to the nominal
8 GeV revolution marker. A second 53 MHz RF system was turned on at the
nominal injection frequency, and a further five batches were injected into the
gap left in the first set of batches. The frequency separation of these two RF
systems was chosen to cause the two sets of batches to “slip” by a little more
than one batch per 67 ms Booster cycle. Once the two sets of batches overlap in
space, the full 1 MV of RF is switched on, recapturing two slipping bunches in
one large 53 MHz bucket, and so producing five double-intensity batches. One
additional, single intensity batch is injected from the Booster into the remaining
gap, giving a cycle with 11 Booster batches producing five double and one single
batch accelerated to 120 GeV. In normal operation, one double batch would be

10The harmonic number is defined as the ratio of accelerator RF frequency to its revolution
frequency, in other words it takes protons 84 RF cycles to do a lap of the 472 m circumference
of the Booster. The harmonic number is also the maximum number of bunches that can be
stored and accelerated in a given synchrotron.

1 The Main Injector has a harmonic number of 588 (7x84).
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Figure 32: An Oscilloscope Trace of the Proton Current as Seen by the NuMI Toroid in
NuMI-Only Mode. This is shown as a pink line, and the dark blue line corresponds to the
beam trigger window. The Booster batch structure is clearly visible. The first batch is usually
sent to the anti-proton source and is then lost to the NuMI beam. The remaining 5 batches
are extracted and sent to NuMI.

used for antiproton production and the remaining four large ones and one small
sent to NuMI; when the antiproton source was not operating, all the proton
batches were sent to NuMI. The slip-stacking technique is demonstrated visually
in Fig. 33

The cycle time is the sum of injection, acceleration, and magnet ramp down-
time. The injection time is proportional to the number of batches injected,
each batch requiring 67 ms. The acceleration and ramp down each take about
0.7 s. Thus the minimum total cycle time for an 11 batch cycle in this mode of
operation is about 2.2 s, and for a 6 batch cycle (no slip-stacking) about 1.8 s.

4.8. Day-to-Day Operations of the NuMI Beam

From an operational point of view there were four semi-separate systems
which formed an integral part of the operation of the MINOS experiment: the
accelerator complex, the NuMI beam line, the Near Detector, and the Far De-
tector. The operation, monitoring, adjustments and repairs of the first two are
responsibilities of the Fermilab Accelerator Division, and are carried out from
the Fermilab Main Control Room (MCR). The monitoring of the last two were
the responsibilities of the MINOS Collaboration and were conducted from a
separate MINOS Control Room.

In the MCR Fermilab beam operators monitor the performance of the ac-
celerator complex as well as specific NuMI beam related variables (e.g. beam
spot location, beam width, the number of protons on target per spill). The Fer-
milab control system known as ACNET [51], using various plotting programs,

92



Time (seconds)

MR MR co b b b
0 100 200 300 400 500
Position in MI (buckets)

Figure 33: Schematic of the Slip-Stacking Technique for 11 Batch Operation. The red bands
correspond to the initially injected batches, the blue ones to the second set. The purple
bands are double (slip-stacked) batches. The first slip-stacked batch is destined for antiproton
production and thus a short gap is created after it to allow for the extraction kicker rise times.
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was used to obtain and record the readings of various monitors described in the
previous section. These graphs become a permanent record of the experiment.

The main function of the work in the MINOS Control Room was to monitor
and keep record of the performances of the two detectors. Single events from
the two detectors were displayed in real time to give visual confirmation that
systems were live. In addition, the JAVA Analysis Studio 3 (JAS3), an object
based data analysis package developed at Brookhaven National Laboratory [52]
for the analysis of particle physics data, was used to show the most important
beam information such as the beam intensity (number of protons per spill), the
beam spot size, and beam timing information. Fig.[34]shows a screenshot of the
JAS3 monitoring system displayed in the MINOS control room. Furthermore,
online monitors for the two MINOS detectors were continuously running and
being updated on every spill.

In normal circumstances, very little human intervention is needed in the
operation of the NuMI beam line. Computer control is essential due to the
complexity of monitoring a multitude of systems on a constant basis. Previously
two systems which play an integral part in this computerised monitoring and
control were mentioned: Autotune and the Beam Permit system.

The function of the Beam Permit System (BPS)[53] is to prevent extraction
of pulses which, because of some malfunction in the accelerator or the beam line,
would result in an errant beam. It uses dedicated hardware and is modeled on
the Tevatron fast abort system. The Beam Permit system uses as input data the
readings of 250 instruments and if any of them fail to meet set tolerances then
the beam is either aborted before extraction (if still possible) or the succeeding
pulses are suppressed until the problem is solved.

On a pulse-by-pulse basis, the Autotune program monitors and, as necessary,
adjusts the currents in all the NuMI beam trim magnets so that the beam traces
the path through the magnets and other apertures without any significant beam
loss. The program uses a matrix to relate the measurements of position detectors
(in each plane) to currents in all the trim magnets. The inverse of the matrix
provides trim-current values required to change the beam positions obtained in
the measurements to their desired values. The vertical and horizontal profiles
are continuously displayed for the operators so that they can see any major
changes that may occur, but most of the time they are just passive observers.

Initial operation of the NuMI beam has shown that there is a small tra-
jectory difference in the extracted beam between the mixed mode with pbar
targeting and the NuMI only mode. Thus slightly different settings of the cor-
rector magnets are required for these two modes. To allow for that, separate
corrector files for these two modes have been written for Autotune, which al-
lows switching between the modes and the application of optimum settings in a
seamless manner.

The combination of the permit system and Autotune beam position control
have also been very important in enabling beam restart after down-times for
maintenance or repairs. Typically, after power supply capability is re-enabled
and beam permit system status confirmed, operations crew chiefs will load in
the desired operating parameters, enable the NuMI beam switch, and normal
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operation will resume. No manual NuMI beam system tuning is needed.

4.4. Long-term Beam Performance

The NuMI beam at the time of its design pushed the requirements imposed
on its components beyond what had been achieved previously. As a conse-
quence, its operating experience is of great interest to the designers of future
beams with similar or even more severe requirements. In this subsection the
performance of the NuMI beam is discussed, with emphasis on its most delicate
components: the target and the two horns. They were subjected during their
lifetimes to very harsh environments arising from very high integrated radiation
doses, large mechanical stresses due to electromagnetic pulsing, and/or large
thermal stresses from the energy deposited by the beam.

The MINOS beam exposure was almost exactly 7 years, starting May 1,
2005 and ending April 29, 2012. Most of it was in the LE (low energy) config-
uration with a few short interspersed runs with other target positions and/or
non-nominal horn currents which were used for beam spectrum measurements
and background determination analyses. In total, there were 61 million horn
pulses during the experiment. The standard LE configuration data sets corre-
sponded to an exposure of 10.71 x 102 POT obtained in v beam mode, and
an exposure of 3.36 x 102° POT obtained in the # beam mode. Including the
short special runs such as medium or high energy, horn off runs or calibration
runs, the total exposure in POT in the experiment was 15.6 x 1020 POT. The
time distribution of different runs and the intensity as a function of time are
illustrated in Fig. As can be seen, the intensity has gradually increased over
the course of the experiment due partially to incremental improvements in the
operation of the Booster and the Main Injector, as well as the initiation of the
slip-stacking in the latter part of the experiment.

The primary proton beam line functioned without any serious problem dur-
ing the whole run. The beam was constantly monitored and adjusted if nec-
essary by Autotune which used the BPM information to steer the beam. The
Autotune plus Beam Permit system has been very effective in preventing proton
beam loss. In about 61 million total pulses during the 7 years of NuMI/MINOS
beam operation, there was never a pulse with large lossiﬂ Over its lifetime,
the NuMI beam has averaged about 10 NuMI beam permit system trips per 24
hour day, with monthly averages ranging from three trips per day to as high as
twenty one. The great majority of these are reset in 30-45 seconds. Typically,
one or two trips per day require a few minutes to clear, and trips associated with
a NuMI component problem needing intervention have averaged about one per
week. The total downtime from the beam permit system trips is normally less
than 10 min per day.

12There was one instance of larger proton beam loss along the primary beam transport dur-
ing the first 10 million pulses delivered to the subsequent NOvA experiment. This necessitated
the repair of a damaged vacuum pipe flange.
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Figure 35: The Cumulative POT on the NuMI Target over the MINOS Run. The whole data
taking period from 2005 to 2012 is shown. The experiment took a total of 15.6x1020 POT
in various beam configurations; 10.71x10%° POT in v-beam mode - shown in green, and
3.36 x102°POT in #-beam mode - shown in orange. Special runs like short runs at higher
energy or horn off runs are shown in red.

Target 1st POT Last POT No of weeks Total POT Beam Power max POT /spill
NTO1 5/1/2005 8/13/2006 67 1.6 x 107° 270kW 3.0 x 10™
NTO02 9/11/2006 | 6/12/2009 144 6.1 x 1077 340kW 4.0 x 103
NTO3 9/11/2009 | 7/12/2010 44 3.1 x 10%° 375kW 4.4 x 103
NT04 8/22/2010 | 9/17/2010 4 2.0 x 101 375k W 4.3 x 103
NTO05 | 10/29/2010 | 2/24/2011 17 1.3 x 10°° 337kW 4.0 x 103
NT06 4/7/2011 5/16/2011 6 2.0 x 101 305k W 3.5 x 10™3
NTO1 6/11/2011 7/8/2011 4 4.5 x 107 228kW 2.6 x 10"%
NTO02 7/29/2011 | 9/15/2011 7 2.0 x 101 330kW 3.8 x 10™3
NTO7 9/24/2011 | 4/29/2012 31 2.6 x 1077 345k W 4.0 x 103

Table 5: Targets used in the NuMI beam line during the run of the MINOS experiment [54].
Each target is listed with the dates it was in operation, the number of weeks this corresponds
to, its total exposure in POT, the maximum beam power it was exposed to, and the maximum
POT/spill impinged upon it. Target NT01 was removed after the drive stuck in a high energy
position and could not be moved back to the desired low energy position. Target NT02 was
changed due to graphite deteriorating resulting in reduced beam flux. Target NT03 was retired
due to a break at a ceramic tube holder. Targets NT04-NTO06 were retired due to various water
leaks. Repaired NTO01 was then reinstalled; it also failed with a water leak. Target NT02 was
then reused but swapped out when target NT07 became available. Both survived the MINOS
experiment run and are remain available as spares.
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There were seven different targets used during the MINOS run [55]. It was
expected from the beginning that any single target would not last the whole run;
the design called for reliable operation for one year (107 pulses). Thus it was
deemed prudent to always try to have one or even two spare targets available
if needed for replacement. The target history is summarised in Table The
first target was removed because it froze in the high energy (HE) position after
a special run in that configuration. The motion mechanism was subsequently
fixed and the target was briefly used again in 2011 until it sprang a leak after a
short operation of about a month. The most problematic failures encountered
were in targets 4-6 which sprung water leaks shortly after their installation.
The investigation of leaks in targets NT04 and NT05 determined them to be in
the laser welds in the downstream water turnaround. That part was redesigned
starting with NT06 with those welds replaced with tig welds (tungsten arc gas
welds). The NTO06 target sprang a leak after 6 weeks in the beam; it was
determined to be in the upstream water connection but the precise location was
not identified. Modifications were made in that area for NT07 which involved
removing ceramic transitions and redoing the tig welds [56]. The NT07 target
was still operating when the MINOS experiment finished running.

The target with the longest life span was NT02. Interestingly it never broke
but after a few months of operation, the neutrino spectrum seen by the MINOS
Near Detector began showing a significant decrease of flux in the peak of the
spectrum. The event rates for the MINOS Near Detector are shown as a func-
tion of reconstructed energy in Fig. [36] for the LE v beam mode, and Fig. [37] for
the LE 7 beam mode. In Fig. a decrease with time can clearly be seen in
the interval of 3-4 GeV. Monte Carlo simulations using FLUKA with GNuMI
and MARS [57, [58] showed that such a decrease is consistent with the gradual
disappearance of at least two target fins at a location corresponding with the
peak of the energy deposition in the target. Target NT02 continued degrading
with time throughout the course of its use in a manner consistent with pro-
gressive damage to the target. Because this target has been heavily irradiated
during its use in the beam, as of this writing it has still not been possible to
perform an autopsy on it to conclusively determine the cause of the flux de-
crease. The irradiation of the targets is high enough that one does expect to see
changes in graphite properties, and the high stress induced in the target with
each beam pulse could then induce cracking and fin failure. However, the other
targets have not shown deterioration even though some were irradiated beyond
the level where the onset of deterioration was seen in NT02. So one may specu-
late that some other factor such as gas contamination may have contributed in
that case.

Both beam horns were replaced once. The first version of Horn 1 had 24 mil-
lion pulses from March 2005 to June 2008. The failure mode was a breaking of
the water suction line near the electrical insulator. Its replacement had thicker
steel installed in that region. The replacement went through 36 million pulses
and was still operating at the end of the MINOS run. The first version of Horn 2
lasted until December 2008 and survived 28 million pulses. It failed when the
power strip line fractured after a high strength steel washer broke due to hydro-
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Figure 36: All-Time MINOS LE v Beam Mode Reconstructed Neutrino Spectrum. The
spectrum is zoomed into the peak region and is broken down by MINOS official runs and time
within those runs. The solid line is the POT-weighted average data spectrum over the whole
data taking period, while the points represent the data for specific MINOS runs or shorter
time periods. The significant drop in runs II and III is due to NT02 target degradation.
Furthermore, from run III onwards, helium was added to the NuMI decay pipe, which also
leads to a few-percent level loss in neutrino events in the peak of the spectrum. Runs V
and VI had new targets, however, these were slightly skewed with respect to the z-axis. Run
X used a target which did not show any degradation through to the end of the run, but is
nevertheless lower in the peak than run I due to the helium in the decay pipe.
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Figure 37: All-Time MINOS LE 7 Beam Mode Reconstructed Anti-Neutrino Spectrum. The
spectrum is zoomed into the peak region and is broken down by MINOS official runs and time
within those runs. The solid line is the POT-weighted average data spectrum over the whole
data taking period, while the points represent the data for specific MINOS runs or shorter
time periods. The drop at the end of run VII was caused by a water leak in the target, and
the drop in event rate was visible in both the MINOS Near Detector and the muon monitors
further upstream. The lower rate in run IX was caused by the necessity to reuse the older
NTO02 target, which showed target degradation.
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gen embrittlement. The Horn 2 replacement used lower strength steel washers;
it successfully went through 32 million pulses through the end of the MINOS
experiment.

The hadron monitor is another beam element that is subjected to a high
radiation environment and the build up of damage due to radiation was such that
the hadron monitor had to be replaced in August 2009 after 7.64x10%° POT.
The muon monitors are in a relatively shielded environment and they remained
operational during the whole MINOS run.

5. Post-MINOS Plans and Developments

After a long accelerator shutdown following the completion of the MINOS
experiment, the NuMI beam was restarted in September 2013 for two new ex-
periments, NOvA and MINOS+, and for the continuation of MINERVA data
taking. NOvA is an off-axis long-baseline neutrino experiment. The off-axis
location means that the NOvA experiment is able to utilize a medium energy
NuMI beam in order to observe a narrow band beam centered around approx-
imately 2 GeV, at the neutrino oscillation maximum, and thus maximize the
experiment’s neutrino oscillation sensitivity. To generate the required medium
energy beam, the Horn 2 location was optimized and is further away from Horn 1
than it was for the MINOS experiment run. Horn 2 was moved to its present lo-
cation of 19.2 m downstream of Horn 1 during the long shutdown. The MINOS+
experiment is effectively a continuation of MINOS but with a “true” medium
energy spectrum where both horns are in their optimal positions for this energy
configuration. The MINERVA experiment will continue as previously but also
with the same medium energy spectrum that MINOS+ sees. The long decay
pipe is more of an advantage for NOvA than it was for MINOS because the
former is off-axis and therefore more of its neutrino flux originates from higher
energy mesons.

The eventual design for NOvA operation is 700 kW with 4.9x10'3 protons
per pulse. Several technical modifications in the accelerator complex and its
operation are necessary to achieve these parameters. Advantage is taken of the
availability of the Recycler since the Tevatron is no longer operational. The
Recycler is a fixed energy machine of 8 GeV located on the top of the MI with
the same circumference of 3.3 km. The adopted eventual mode of operation calls
for injecting the Booster batches into the Recycler during the MI acceleration
cycle. When all the batches are stored in the Recycler and the beam from the
MI is extracted and its magnets are ramped down to 8 GeV, the 8 GeV protons
in the Recycler are transferred to the MI for acceleration; new Recycler loading
and Main Injector acceleration cycles then begin. Thus the two most time-
consuming operations, the transfer from the Booster to the next accelerator,
and the Main Injector acceleration, are done in parallel rather than in series.
In this way it is possible to gradually reduce the overall cycle time to 1.3 s. To
achieve the design proton intensity, eleven batches will have to be accelerated
in the Booster and injected into the Recycler. This increased Booster proton
yield requires some upgrades to the Booster RF power hardware, scheduled for
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completion in 2016. The 1.3 s cycle time has already been achieved for the
six-batch operation.

The increase in the average beam power required some modifications in the
NuMI beam operation and some redesign of sensitive beam components. The
beam spot size at the target will be increased to 1.3 mm RMS in both directions
to keep stress on the target acceptable{ﬂ A new baffle with a 13 mm diameter
hole has been constructed to acccommodate this larger beam. A new more
robust target was designed and constructed; it abandons the ability to move
the target, an option not deemed necessary for the NOvA operation. It does
not extend into Horn 1 but is located further upstream with its vertical fins
extending to 194 mm in front of Horn 1. While Horn 2 was unchanged except
for its location, a new Horn 1 was constructed with the same inner conductor
shape and current as for MINOS, but with thinner outer conductor and increased
cooling. A new hadron monitor (of unchanged design) was constructed and
installed. Finally there were a number of smaller changes focused on improving
the proton beam monitoring, air circulation in the Target Hall and the cooling
of systems in general.

6. Conclusion

The design and success of the NuMI beam profited from the experience
gained over the preceding 50 years in building and operating accelerator-based
neutrino beams in Western Europe, the Soviet Union, Japan and the United
States. However, because of NuMI’s unprecedented intensity, its long envisaged
running time, and the high level of accuracy required in pointing and locating
the beam at the target, a number of different challenges had to be met and
solved. Over the years it has been running, the NuMI beam has been delivering
neutrinos to the experiments located in its path reliably day after day. The
NuMI operating experience during the MINOS experiment has been invaluable
in guiding the design of the modifications of the most sensitive components of
the beam for the 700 kW NOvA era operation and in planning the LBNF beam
for the proposed DUNE experiment [59].
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