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MicroBooNE 

•  Start with two neutrino oscillation

•  L/E is the experimental parameter we set
— For long-baseline like NOvA, E ~ 2 GeV, 

L ~ 810 km for L/E ~ 400 km/GeV
— For short-baseline like MiniBooNE, E ~ 0.8 GeV, 

L ~ 0.5 km for L/E ~ 0.6 km/GeV
•  Different baselines can bring out different 

physics, such as searches for sterile neutrinos

Short-baseline neutrinos

B. Carls, Fermilab 2 
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MicroBooNE 

LSND Anomaly
•  The motivation for MicroBooNE 

begins with LSND
•  LSND observed a νe appearance 

signal in a νµ beam 
•  Excess of 87.9 ± 23.2, for 3.8σ
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FIG. 24: The Lν/Eν distribution for events with Rγ > 10 and 20 < Ee < 60 MeV, where Lν is

the distance travelled by the neutrino in meters and Eν is the neutrino energy in MeV. The data

agree well with the expectation from neutrino background and neutrino oscillations at low ∆m2.
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Stay tuned for Roxanne Guenette’s talk about 
Fermilab’s short-baseline program. 



MicroBooNE 

From LSND to MiniBooNE
•  MiniBooNE, a mineral oil based Cherenkov detector, was designed to 

observe or refute the LSND
•  Looked for νe in a νμ beam off of the Fermilab Booster Neutrino Beam
•  MiniBooNE, like all Cherenkov detectors, had trouble distinguishing π0 to 
γγ (background, if a γ was missed) from a single electron (signal)

5 

νµn→ µ−pνen→ e−pνµn→νµnπ
0 (π 0 → γγ )

B. Carls, Fermilab 



MicroBooNE 

MiniBooNE Excess
•  MiniBooNE’s oscillation analysis saw an excess in neutrino and 

antineutrino modes, 240.0 ± 62.9 events for 3.8σ
•  Excesses appear in the region 0.2-0.475 GeV, where NC π0 and processes 

producing a single photon dominate
•  Problem is, a single photon looks just like an electron!

6 B. Carls, Fermilab 
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FIG. 1: The antineutrino mode (top) and neutrino mode (bot-
tom) E

QE
⌫ distributions for ⌫e CCQE data (points with sta-

tistical errors) and background (histogram with systematic
errors).

ing the predicted e↵ects on the ⌫µ, ⌫̄µ, ⌫e, and ⌫̄e CCQE
rate from variations of parameters. These include uncer-
tainties in the neutrino and antineutrino flux estimates,
uncertainties in neutrino cross sections, most of which
are determined by in-situ cross-section measurements at
MiniBooNE [20, 23], uncertainties due to nuclear e↵ects,
and uncertainties in detector modeling and reconstruc-
tion. A covariance matrix in bins of EQE

⌫ is constructed
by considering the variation from each source of system-
atic uncertainty on the ⌫e and ⌫̄e CCQE signal, back-
ground, and ⌫µ and ⌫̄µ CCQE prediction as a function of
E

QE
⌫ . This matrix includes correlations between any of

the ⌫e and ⌫̄e CCQE signal and background and ⌫µ and
⌫̄µ CCQE samples, and is used in the �

2 calculation of
the oscillation fits.

Fig. 1 (top) shows the E

QE
⌫ distribution for ⌫̄e CCQE

data and background in antineutrino mode over the full
available energy range. Each bin of reconstructed E

QE
⌫

corresponds to a distribution of “true” generated neu-
trino energies, which can overlap adjacent bins. In an-
tineutrino mode, a total of 478 data events pass the
⌫̄e event selection requirements with 200 < E

QE
⌫ <

1250 MeV, compared to a background expectation of
399.6±20.0(stat.)±20.3(syst.) events. For assessing the
probability that the expectation fluctuates up to this 478
observed value, the excess is then 78.4 ± 28.5 events or
a 2.8� e↵ect. Fig. 2 (top) shows the event excess as a
function of EQE

⌫ in antineutrino mode.

Many checks have been performed on the data, includ-
ing beam and detector stability checks that show that
the neutrino event rates are stable to < 2% and that
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FIG. 2: The antineutrino mode (top) and neutrino mode (bot-
tom) event excesses as a function of EQE

⌫ . (Error bars include
both the statistical and systematic uncertainties.) Also shown
are the expectations from the best two-neutrino fit for each
mode and for two example sets of oscillation parameters.

the detector energy response is stable to < 1% over the
entire run. In addition, the fractions of neutrino and an-
tineutrino events are stable over energy and time, and
the inferred external event rate corrections are similar in
both neutrino and antineutrino modes.

The MiniBooNE antineutrino data can be fit to
a two-neutrino oscillation model, where the probabil-
ity, P , of ⌫̄µ ! ⌫̄e oscillations is given by P =
sin2 2✓ sin2(1.27�m

2
L/E⌫), sin

2 2✓ = 4|Ue4|2|Uµ4|2, and
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2
41 = m
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1. The oscillation parame-

ters are extracted from a combined fit of the observed
E

QE
⌫ event distributions for muon-like and electron-like

events. The fit assumes the same oscillation probabil-
ity for both the right-sign ⌫̄e and wrong-sign ⌫e, and
no significant ⌫µ, ⌫̄µ, ⌫e, or ⌫̄e disappearance. Using a
likelihood-ratio technique [4], the confidence level values
for the fitting statistic, ��

2 = �

2(point) � �

2(best), as
a function of oscillation parameters, �m

2 and sin2 2✓,
is determined from frequentist, fake data studies. The
critical values over the oscillation parameter space are
typically 2.0, the number of fit parameters, but can be
as a low as 1.0 at small sin2 2✓ or large �m

2. With
this technique, the best antineutrino oscillation fit for
200 < E

QE
⌫ < 3000 MeV occurs at (�m

2, sin2 2✓) =
(0.043 eV2, 0.88) but there is little change in probabil-
ity in a broad region up to (�m

2, sin2 2✓) = (0.8 eV2,
0.004) as shown in Fig. 3 (top). In the neutrino oscilla-
tion energy range of 200 < E

QE
⌫ < 1250 MeV, the �2

/ndf

for the above antineutrino-mode best-fit point is 5.0/7.0

νen→ e−p
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mode and for two example sets of oscillation parameters.
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MicroBooNE 

The operation of a LArTPC
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MicroBooNE 

The operation of a LArTPC
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MicroBooNE 

The operation of a LArTPC
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MicroBooNE 

We need a few things to make it work
•  First, we need high-voltage for drifting electrons 
• Second, we need clean liquid argon
— Need a low-level of electronegative molecules like oxygen and 

water that eat up the drift electrons
— Need low-level of nitrogen since it quenches the scintillation 

process and absorbs the scintillation light

B. Carls, Fermilab 14 



MicroBooNE 

MicroBooNE Detector

B. Carls, Fermilab 15 

•  60 ton fiducial volume (of 170 
tons total) liquid Argon TPC

•  TPC consists of 3 planes of 
wires; vertical Y, ±60° from Y 
for U and V 

•  Array of 32 PMTs sit behind 
TPC wires

•  Purification and cryogenic 
system capable of achieving 
< 100 ppt O2 and < 2 ppm N2





MicroBooNE 

MicroBooNE Detector

B. Carls, Fermilab 16 

• MicroBooNE has several 
R&D goals
— Cold front-end electronics 

which reside inside the vessel
— 2.56 m drift distance across the 

TPC, longest done in a beam 
experiment

— Gas purge of cryostat instead of 
vessel evacuation



MicroBooNE 

We get most of our neutrinos from the 
Booster Neutrino Beam at Fermilab

B. Carls, Fermilab 17 

MiniBooNE MicroBooNE 
Not to scale! 



MicroBooNE 

We get most of our neutrinos from the 
Booster Neutrino Beam at Fermilab

B. Carls, Fermilab 18 

•  Driven by 8 GeV protons hitting a 
beryllium target for a mean 
neutrino energy of 0.8 GeV 

•  Will provide MicroBooNE with 
the same L/E (oscillation 
parameter experiments set) to 
that of MiniBooNE 

•  Well known beam, already run 
for a decade, allows focus to be 
placed on understanding 
detector 



MicroBooNE 

FIGURE 4. Example electron-candidate (top left) and photon-candidate (bottom left) neutrino events, together with a result of
testing the dE/dx separation method on neutrino event samples obtained from NuMI neutrino interactions in the ArgoNeuT detector.
Note, that based on the definition of the photon sample, the photon candidate events shown in this plot would have been rejected
already by the topological cut in an electron-neutrino appearance search.

as originating from electrons indicating electron-neutrino interactions and not photons, indicating a different process,
which was not possible in MiniBooNE, a Cherenkov detector. MicroBooNE will be able to determine the nature of the
excess events observed by MiniBooNE using the capabilities of the LArTPC, demonstrated by ArgoNeuT.

After turning on MicroBooNE will very quickly collect the largest sample of neutrino interactions on argon in the
world and so is a perfect venue to precisely measure neutrino cross-sections on argon. The energy of the Booster
neutrino beam, which peaks close to 800 MeV and extends a bit higher offers an extremely interesting region from
the point of view of neutrino interactions as it is where the Quasi-Elastic, Resonant and Deep Inelastic interaction
channels all mix with significant contributions and it is in the interesting range for the second oscillation maximum
for LBNF.

MicroBooNE will also study backgrounds and develop reconstruction algorithms that will be applicable in future
large LAr detectors searching for nucleon decays underground. The detector will be able to observe neutrinos from a
SuperNova explosion happening in the galactic center and will also be able to understand the backgrounds for such
detection in future experiments.

MicroBooNE Hardware R&D Goals

Apart from the physics goals, MicroBooNE has a very strong hardware R&D component with the objective of testing
solutions essential for future large liquid argon detectors. Examples of such components are the cold electronics, which
place CMOS based pre-amplifiers inside the liquid argon volume, close to the anode wires allowing for easier transport
of signal on larger distances and a higher signal-to-noise ratio than standard, warm, electronics. MicroBooNE will be
the first argon detector in a neutrino beam to fill after purging using the gas piston method [10] instead of evacuation
and will have the largest electron drift in a neutrino experiment - 256 cm (longer drifts have been achieved in test-stand
setups, see eg. [23]). MicroBooNE will also implement a UV laser [24], which will allow for calibration of potential
field inhomogeneities.

180001-5 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
67.163.24.197 On: Sun, 25 Oct 2015 22:40:36
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MicroBooNE 

Neutrino Cross Sections

B. Carls, Fermilab 20 

neutrino 

antineutrino 

accelerator-based 
ν oscillations 

•  Recently received a lot of attention, crucial 
for ν oscillations 

•  ν cross sections are historically not well 
known in the energy range we care about 

•  In the 1 GeV range, driven by results from 
MiniBooNE, MicroBooNE will probe the 
exact same energy region 

— LArTPC provide great resolution for position and 
momentum in neutrino detectors 

— Possible to reconstruct complicated topologies 

— High statistics mean measurements likely 
systematically limited 



MicroBooNE 

First things first though, we need to 
understand our detector
•  First cross section and 

oscillation analyses will 
take some time

•  In getting ready, we can do 
physics along the way
— Recombination
— Diffusion
— Lifetime measurements
— Field distortions
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MicroBooNE 

Preparing the Detector for Data

B. Carls, Fermilab 22 



MicroBooNE 

On June 23, 2014, we moved the 
cryostat across site

B. Carls, Fermilab 23 

Everything in the cryostat went: 
electronics, TPC (including wires), and 
PMTs (not full of argon yet though) 



MicroBooNE 

Insulated, racks moved in, and everything 
cabled up

B. Carls, Fermilab 24 



MicroBooNE 

We need to get clean argon

B. Carls, Fermilab 25 

•  We have two primary 
requirements for operation
— Need < 2 ppm nitrogen
— Need < 100 ppt oxygen equivalent 

contamination (water and oxygen)
•  Few steps to get there

1.  Start with “piston” purge with Ar 
gas

2.  Recirculate gas
3.  Fill with liquid
4.  Filter the liquid

O

OO

NN

HH



MicroBooNE 

We start with the gaseous argon purge
• We fill with Ar gas through 

sparger holes in the bottom 
of the cryostat

• Since Ar is heavier than 
ambient air, acts like a 
piston and pushes air out

• See no need to evacuate 
the cryostat

B. Carls, Fermilab 26 

Air 

Argon gas 



MicroBooNE 

MicroBooNE employs gas analyzers to 
monitor purity  
•  Capability to measure at 

several points in the system
•  Two oxygen sensors for high 

and low sensitivities, lower 
limit of 75 ppt

•  Water sensor with lower limit 
of 2 ppb, also a Vaisala dew 
point sensor for higher 
concentrations

•  Nitrogen analyzer 0-10 ppm
27 B. Carls, Fermilab 



MicroBooNE 

We monitored the purge with the gas 
analyzers

28 B. Carls, Fermilab 

• We started the purge 
on April 20

• We followed the 
oxygen and water 
concentrations as the 
purge progressed



MicroBooNE 

We monitored the purge with the gas 
analyzers

29 B. Carls, Fermilab 

Discontinuity results from a 
pause in the purge to 
pressure test the vessel • We started the purge 

on April 20
• We followed the 

oxygen and water 
concentrations as the 
purge progressed



MicroBooNE 

Now it’s time to fill
•  Took 9 trucks of liquid argon, 

roughly a month, went quickly
•  Needed to get argon low in 

nitrogen since, can’t filter it
•  Every trailer was checked 

before we accepted it
— We ended up accepting all of 

them
— Vendor exceeded our specs, 

nitrogen way less than 2 ppm, 
around 0.5 ppm

B. Carls, Fermilab 30 



MicroBooNE 

Operation of Purification

31 

Condenser 
Oxygen filter 

Water filter 
LAr cryostat 

LAr pump 

LAr 

GAr 
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MicroBooNE 

The cleanup of the liquid
• We started filtering on 

July 24
• Here the high-sensitivity 

analyzers are shown
• Plot goes to the lower 

detection limits of both
— 2 ppb for the HALO+ water 

analyzer
— 100 ppt for the DF-560E 

oxygen analyzer
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MicroBooNE 

•  Use purity monitors, consisting 
of a field cage, photocathode 
and anode

•  A quartz fiber optic cable carries 
UV light from a flash lamp to a 
gold photocathode

•  Measure electron signal loss 
from cathode to anode to find 
lifetime:

Qanode =Qcathode × exp(−tdrift / τ )

33 

To measure higher purities, we need 
purity monitors

B. Carls, Fermilab 
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lifetime:
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To measure higher purities, we need 
purity monitors

the purity monitor electronics module. Figure 10 shows a schematic of a purity monitor installed
in the cryostat.

Figure 10. A drawing (left) and schematic (right) of a liquid argon purity monitor employed in LAPD.

The LAPD system employs five purity monitor units at different locations. Each purity mon-
itor is contained in a stainless steel, perforated Faraday cage to isolate the system from outside
electrostatic interference. There are two types of purity monitors with different lengths and differ-
ent numbers of field-shaping rings: three long purity monitors that are 55 cm in length and two
short purity monitors that are 24 cm in length. The operational range of QA/QC for which a purity
monitor can make sensible measurements is about 0.05 - 0.95. Thus, longer electron drift lengths
correspond to operational ranges shifted to sample larger electron lifetimes. An assembly of one
long purity monitor and one short purity monitor is located vertically along the central axis of the
cryostat. Another identical assembly is located at a distance of 1.1 m away from the center of the
cryostat. Figure 11 shows a photograph of the assembly located near the cryostat periphery. One
long purity monitor, referred to as the inline purity monitor, is located in the circulation pipe to
measure the liquid argon purity before the liquid enters the cryostat. Three flash lamps are used for
the two purity monitor assemblies and the inline purity monitor. Table 4.2.1 shows the geometrical
characteristics and voltage settings of the purity monitors installed in the cryostat.

4.2.2 Data Acquisition

Measurements of the electron lifetime are taken several times a day using a Fermilab-designed
data acquisition (DAQ) program. Each measurement takes about one minute. The flash lamp
and the high voltage to the purity monitors are only powered during this time to protect the flash
lamp, minimize degradation of the quartz fiber and reduce dust/particle accumulation on the purity
monitor photocathode. The automation module will switch off both the flash lamp power supply
and high voltage to the purity monitor if the lamp has been flashing for more than 140 seconds. An
8-channel analog multiplexing unit (MUX) is used to select which purity monitor signal is readout.
Each channel of the MUX has four inputs, three of which read the cathode and anode signals
from one purity monitor after the amplifiers and the trigger signal from the inductive pickup coil.
Figure 12 shows a block diagram of LAPD purity monitor system.

– 13 –
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MicroBooNE 

Looking at QA/QC
• We opt to look at the ratio 

of QA to QC
— Closer to what’s measured
— Easier to spot trends such as 

hitting a sensitivity limit
• We see lifetimes greater 

than 6 ms
• Our spec was only 3 ms!
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MicroBooNE 

Looking at QA/QC

36 B. Carls, Fermilab 

• We opt to look at the ratio 
of QA to QC

•  The electron drift time from 
cathode to anode is 
2.82 ms
— We draw lines for electron 

drift lifetimes of 3, 6, and 9 ms
• We see lifetimes greater 

than 6 ms

As with the Liquid Argon Purity Demonstrator, we 
surpassed our design electron drift lifetime 
without evacuation. We did it with a fully 
instrumented detector! 
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Flipping the switch on the drift HV
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Now that we have clean argon, time to 
ramp the HV and see cosmics

• We ramped our HV 
on August 6

• Since we’re on the 
surface, we see lots 
of cosmics

•  It works!



MicroBooNE 

Our first cosmic rays!
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Our first cosmic rays!
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MicroBooNE 

Our first cosmic rays!
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MicroBooNE 

Our laser calibration system
•  The two UV lasers produce 

tracks we know are straight
• We can calibrate for space 

charge and other field 
distortions

• Allows measurements of 
the electron drift lifetime

B. Carls, Fermilab 42 

High Energy Nd:YAG
High Energy Nd:YAG
High Energy Nd:YAG
High Energy Nd:YAG

RS-232 or TTL interface
for remote or local operation

Water to air heat exchanger
eliminates the need for 
external water cooling

Gaussian optics incorporated
to provide low divergence and
high spatial uniformity in beam

Graphite resonator structure 
ensures long-term thermal 
and mechanical stability

Surelite is the most imitated Nd:YAG laser design in the industry.  
Surelite lasers provide proven high performance and reliability 
at a very reasonable price.  Over 3,000 Surelites are in operation 
throughout the world today in Scientific, Industrial and Medical ap-
plications.  Surelites are being used for remote sensing, spectroscop-
ic analysis, Particle Image Velocimetry (PIV), machining, marking, 
and biological investigations.  Excellent beam quality and unsur-
passed output energies make Surelite the perfect choice for pumping 
OPOs, dye lasers and Ti:sapphire lasers. 
The Surelite I, II and III all feature a simple and efficient single rod 
oscillator design.  The Gaussian mirror-coupled resonator is opti-
mally mode filled for maximum energy extraction. A unique rod 
design, proprietary Q-switch technology and Continuum’s diffuse 
reflector technology all contribute to the Surelite’s efficiency and 
high performance. 

SureliteTM  

Surelite 
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Our first laser track!
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MicroBooNE 

We use fully automated event reconstruction

B. Carls, Fermilab 44 

•  This event display comes 
from LArSoft, showing 3D 
tracks

•  Display shows the full drift 
window of 4.8 ms
— We take a window before 

and after beam
— Red wireframe represents 

the physical detector
•  Different colors are 

different tracks This is data! 



MicroBooNE 

Wire-cell reconstruction

B. Carls, Fermilab 45 

More details on the poster from Xin Qian, check it out 

•  Another approach for 
our reconstruction 
employs tomography 
techniques

•  Very similar to an MRI
•  This helps 

tremendously with 
ambiguities

This is data! 



MicroBooNE 

First Booster Neutrino Beam On 
October 15
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4:02 PM 



MicroBooNE 

That was two weeks ago! Where are the 
neutrinos?
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MicroBooNE 

Here they are! 
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•  Expect more light 
during beam window 
due to neutrinos

•  Increased scintillation 
light from neutrinos 
coincides with the 
beam

•  We compare the PMT 
flash rate to that of 
cosmics only and see 
an excess

Preliminary



MicroBooNE 

Our automated reconstruction sees them!

•  One of the goals of MicroBooNE was to demonstrate fully 
automated reconstruction

•  This involved no hand scanning! 
•  Event displays of these events will be available Monday in a 

mini-press release!
B. Carls, Fermilab 49 

MicroBooNE Preliminary
First ⌫ identification 1.86e18 POT, BNB

Automated event selection Automated event selection
Number of events Optical + 3D-based Optical + 2D-based

Non-beam background
4.6± 2.6 385± 24

(expected)

Total observed 18 463



MicroBooNE 

In Summary
• Construction of MicroBooNE was completed
• Operations have begun
— Our detector has been filled with liquid argon and filtration started
— We surpassed our required electron drift lifetime for operating

• We are seeing our first tracks
— Cosmic rays abound, useful for physics studies
— Laser tracks are being used for calibrations
— First neutrinos are on disk, stay tuned for the mini-press release 

on Monday!
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MicroBooNE 

We get most of our neutrinos from the 
Booster Neutrino Beam at Fermilab
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POT – protons on target 
CC – charged current 
NC – neutral current 
COH - coherent 

QE – quasielastic 
DIS – deep inelastic scattering 
RES – resonant 

•  Driven by 8 GeV protons hitting a 
beryllium target for a mean 
neutrino energy of 0.8 GeV 

•  Will provide MicroBooNE with 
the same L/E (oscillation 
parameter experiments set) to 
that of MiniBooNE 

•  Well known beam, already run 
for a decade, allows focus to be 
placed on understanding 
detector 



MicroBooNE 

How did we know it survived its trip? We 
looked!
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Figure 1. Sketch of the setup (not to scale). Camera, mirror, and LED light source are inserted through
the pump-out port. The camera rests above the field cage, while the light source and mirror slide inside the
field cage. The mirror can be rotated horizontally and tilted vertically. The picture on the right shows a
photograph of the TPC inside the cryostat before the endcap was welded on. The anode wires are on the left
hand side, close to the cable tray. The green crosses are part of a support structure for the field cage which
consists of 64 stainless steel tubes. Several nozzle penetrations are visible on the top of the cryostat. The
gas exhaust pipe runs horizontally along the cryostat at the top.

and the light source, must be be thinner than the tube-to-tube spacing.

With the mirror just below the top of the field cage (see Fig. 1), the distance to the wires di-
rectly opposite is 1.30 m (top of the anode wires) and 2.60 m (bottom of the anode wires). The
furthest wires to be viewed are located in the bottom corner of the anode plane, which corresponds
to a distance of almost 5 m. These distances imposed optical quality requirements on the camera
and mirror to resolve individual anode wires.

The constraint of the pump-out port width and field cage tube spacing excluded other options
to view the inside of the cryostat. Standard cameras are too large to fit between the field cage
tubes and it is therefore not possible to view the wires through a direct line-of-sight or from close
proximity.

A borescope was investigated and excluded on the grounds of being a potential danger to the
anode wires. The TPC interior volume is empty space, requiring the flexible borescope tube to be
supported by a rigid structure for direction to the locations of interest. While a support, such as
a stainless steel tube, can be fitted through the described geometry, the scope lens must approach
within a few cm of the wires in order to resolve them. The support tube must then be cantilevered
out over the necessary distance which in turn introduces an undesirable flexibility. This results in
"bounce" and vibrations as the tube is moved into position to bring the scope lens close to the wires.
It was feared that the "bounce" could cause the borescope to hit and damage the anode wires. For

– 3 –

2.1 Camera

The wires align in perfect triangles. These shapes would get distorted by a sagging or broken
wire. The center of the triangle is about 1 mm from all wires, so the minimal required resolution is
0.5 mm over a distance of 5 m, or 1⇥10�4 rad angular resolution, corresponding to an aperture of
better than 1 cm at visible wavelengths assuming perfect optics.

Another requirement was the remote operation of the camera due to inaccessibility. After ex-
amining several camera options, a Sony Alpha A6000 fitted with a Sony E 55-210 mm F4.5-6.3
OSS E-mount Zoom Lens was selected [2]. Size and performance were the main factors in making
these choices. The camera’s small size of 120 mm ⇥ 67 mm ⇥ 45 mm and the absence of a view
finder at the top of the camera body allowed it to fit inside the pump-out port and past the gas
exhaust pipe. The aperture and optical quality of the lens were sufficient to avoid any effects of
diffraction or astigmatism on the image, and the focal length range of the lens allowed hundreds
of wires to be seen in a single image on the camera’s 24.3 megapixel sensor from up to 5 m away.
The resolution achieved with this camera at 5 m distance is approx. 0.1 mm, and smaller for shorter
distances.

Figure 3. A diagram of the vessel interior, viewed from the cathode side, showing the overall arrangement,
to scale. The wires are strung on the anode frame (not visible in this picture).
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How did we know it survived its trip? We 
looked!
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Figure 13. View towards the far top corner of the anode wire plane. The distance between the mirror and
the wire plane is about 4.20 m. The picture in the bottom left corner is a zoom of the white square in the
large picture.

4. Conclusion

With this setup of a commercially available camera, a front surface mirror, and an LED light source,
it was demonstrated that the interior of the MicroBooNE cryostat could be inspected. The wire
planes, consisting of more than 8,200 gold-plated sense-wires of 150 µm in diameter with a 3 mm
spacing, could be resolved from distances of 1.3 m to 5 m. Broken or sagging wires could be
excluded from the obtained pictures. The setup was designed to fit through one of the cryogenic
service nozzles, which provided the only opportunities to access the cryostat interior. The setup
can be easily modified for other cryogenic detectors being used in dark matter or neutrino detection
by taking into account their geometrical constraints.
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Figure 11. View of the bottom of the anode wire plane adjacent to the pump-out port. The distance between
the mirror and the wire plane is about 2.60 m. The picture in the bottom left corner is a zoom of the white
square in the large picture.

Figure 12. View of a central part of the anode plane about halfway between the pump-out port and the
corner of the anode plane. The round plate in the background is a wavelength shifting plate covering a PMT.
Also visible is the PMT cabling. The picture in the bottom right corner is a zoom of the white square in the
large picture.
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