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muon range detector (MRD)

Gd-loaded water volume
instrumented with LAPPDs 
and conventional PMTs

Accelerator Neutrino Neutron Interaction Experiment

forward veto

A physics experiment to understand the complexities of 
neutrino interactions with matter, measuring the abundance 
of neutrons knocked out by collisions with oxygen nuclei.

First application of LAPPDs in an HEP neutrino experiment. 

ANNIE:

Phase I approved and under construction at Fermilab.

Proposal submitted for the main Physics Phase (w/ LAPPDs) 
through the DOE Intermediate Neutrino Program.

First use of Gd-loaded water on a high-E neutrino beam.

Participation from 10 institutions 
in the US and UK.
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• “ANNIE Hall”: A neutrino test beam!
• High intensity: ~10k CC events per cubic meter per year 
• Spill rate 7.5 Hz, <1 interaction per spill
• Part of the short baseline program (high priority running)
• Relevant energy for proton decay background studies. 
• At turn-on for resonance events

Mayly Sanchez - ISU

ANNIE: A US-based R&D water 
Cherenkov facility

“ANNIE Hall”: A neutrino test beam! 

High intensity: ~10k CC events per cubic volume per year 

Part of the short baseline program (high priority running) 

Relevant energy for proton decay background studies. At turn-on for 
resonance events. 

First stage of ANNIE will measure neutron backgrounds in the hall. 
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ANNIE: Beam and Facility
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ANNIE: Status, timeline, and needs

By summer of this year ANNIE will offer a fully-built, beam-ready experiment in 
which to test LAPPDs and PSEC electronics. The PSEC system will primarily be 
used for the LAPPDs, but we are planning on also using it to read out 
conventional phototubes.

Mayly Sanchez - ISU

Phased approach
• Installation
•Phase I - Test experiment:

measurement of neutron backgrounds
operate the water volume with 60 8” PMTs
ready for testing of limited number of LAPPDs 
when available

to Jun 2016

to Jun 2017

Fall 2015

to Mar 2021
•Second physics run (2 years): 

full LAPPD coverage (up to 20 LAPPDs) 
more detailed event reconstruction
compare neutron yields for CC, NC, and inelastic

•Phase II - First physics run (1 year): 
limited LAPPD coverage (up to 8), enhanced 
PMT coverage, focus on CCQE-like events

to Jun 2018

•R&D, procurement, construction, commissioning

on
-g

oi
ng

Phase I approved by FNAL PAC.  
Phase II proposed to  DOE’s Intermediate Neutrino Program

for more info: annie.fnal.gov
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ANNIE: Event structure

ANIPR Meeting Hawaii - July, 2015

13

Prompt muon tracks through 
water volume, ranges in MRD

neutrons thermalize and stop 
in water

neutrons capture on Gd, 
flashes of light are detected

prompt event (muon + stuff) neutrons thermalize Gd captures
 Andrew Renshaw for the Super-Kamiokande Collaboration  
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4.2. Pushing the Gd Front 

As already mentioned above, although there is study going on in the US and Japan, the forefront of research and 
development for a Gd doped water Cherenkov detector is now being pushed at a brand new dedicated facility, called 
EGADS, located in the Kamioka Mine, in Japan.  The EAGDS site is located just across the mine road from the SK 
detector, providing similar background rates, both cosmic and natural.  EGADS has been built as a proof-of-principle 
experiment, planned to show that adding a Gd compound to a water Cherenkov detector  is not only safe for detector 
components, but will also provide the required physics benefits.  Between this facility and a few smaller labs in the US 
and Japan, every challenge faced in making this new method a reality is being addressed.  The cumulative knowledge 
has been assembled at the EGADS facility, resulting in an experimental hall with everything needed to run and 
maintain a water Cherenkov detector doped with Gd.   

There are many components to the new experimental facility, all of which are completely necessary to make the Gd 
idea work as it should, including the Gd compound itself.  The main vessel is a 200 ton stainless steel (same metal as 
SK) tank, which will soon be fitted with 240 50 cm Hamamatsu PMTs (same as SK inner detector PMTs), all 
connected to a fully functioning, mock SK data acquisition (DAQ) system.  Having a fully functioning DAQ will 
allow the study of existing and introduced backgrounds.  Some of the PMTs will be enclosed in the same fiberglass 
and acrylic pressure vessels as those now installed in SK, while others will be un-housed.  To keep the water 
circulating and actively clean it up, while not removing the Gd from solution, EGADS has the first working “selective 
band pass” water filtration system, a completely necessary part.  To make sure the water system is doing its job in 
keeping the water transparent a special water transparency measurement device was developed at UCI, and a replica 
then built inside the EGADS hall.  This enables real time measurements of water both inside the 200 ton tank, and also 
water coming out of different points in the water system.  The last two major components are the Gd pre-treatment 
system and the Gd recovery system.  The pre-treatment system was built to dissolve the Gd2(SO4)3, in concentrated 
batches, clean up any uranium (U) which may have accompanied the Gd2(SO4)3 from the manufacturer, and then inject 
the concentrated solution into the 200 ton tank.  Once tests are completed, rather than releasing the Gd into the 
environment, two Gd recovery systems have been developed.  These components, and the challenges they were built 
to overcome, will be described in the following sub-sections.   

4.3. Best Gd Compound  Candidate 

Studies have been ongoing with three candidate Gd salt compounds; GdCl3, Gd2(SO4)3 and gadolinium nitrate 
(Gd(NO3)3), with Gd2(SO4)3 being the clear choice to undergo a full scale trial at the EGADS site.  There are a few 
requirements which a Gd compound must meet in order to become a good candidate for a full scale test.  First the 
compound must be water soluble, and it should not be too difficult to dissolve large amounts, around 100 tons for a 50 

Fig. 2(a) Time distribution of free neutron capture events on Gd, relative to the BGO trigger, with the deployment of Gd2(SO4)3 into SK; (b) Vertex 
distribution of the same neutron capture events, relative to center of source. 

•Neutron captures happen on the order of tens of 
microseconds.

• In ANNIE, the prompt event will occupy many channels. 
Timing of the capture is close enough to be “on the edge” 
with respect to the channels being live on time.

• In larger detectors and at lower energies, prompt events 
might only render a sparse distribution of LAPPD channels 
dead.

•Still, multi-buffering (PSEC4a) would be nice
4
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ANNIE: Photon Pileup credit: 

Glenn Jocher (Ultralytics, LLC)
Shawn Usman (NGA)

•With Cherenkov light, ANNIE will generally 
see ~1 hit per channel in LAPPDs.

•Given, the small form factor (10 ft x 13 ft) a 
high fraction of channels will be hit and some 
channels will receive multiple hits.
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ANNIE: Timing needs for Cherenkov in general

time resolution = 0.2 ns
time resolution = 0.5 ns
time resolution = 1.0 ns
time resolution = 2.0 ns
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 Compare with 200kton, blue and 

black lines are more 

distinguishable. Because dphot 

distributions for 30to35 and 65to70 

event overlap less in 500kton 

detector.

 The turning point happens at:

 Below 0.1 ns for “5to10” events.

 0.25 ~ 0.5 ns for “30to35” events.

 0.4 ~ 0.5 ns for “65to70” events.

 Vertex resolution is predicted 

improved by a factor of 2 as time 

resolution improves from 2.0 ns to 

0.1 ns.  

200kton(RiseT=σ(rise)∗(√ log(
1

0.1
)−√ log(

1

0.9
)))

σvertex=
30∗σ rise∗factor

√Nrise

● Chromatic dispersion starts to 

dominate the detector smearing effect 

as time resolution improves from 2.0 

ns to:
● Below 0.1 ns for “5to10” events.
● 0.35 ~ 0.5 ns for “30to35” events.
● 0.4 ~ 0.55 ns for “65to70” events.

● The larger distance the event has, the 

bigger chromatic dispersion it will 

have and the earlier it will start to take 

over the overall smearing.

● Vertex resolution is predicted to 

improved by a factor of 2.5 as time 

resolution improves from 2.0 to 0.1ns.
● By introducing N which corresponds 

to how much statistics we have in 

each color bin, some of the chromatic 

dispersion effect is eliminated and the 

plateau is a bit more steeper. 

Time resolution [cm]

Time resolution [cm]
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ANNIE and PSEC

• ANNIE will be using PSEC4, rather than PSEC4B
• The existing PSEC4 will work for our needs:

• Prompt light will occur within the buffer
• We have an alternative, conventional PMT system to see delayed Gd-captures
• We can use PSEC chips like TDCs for the Gd capture, even while the prompt pulses 

are being digitized
• Given the sparseness of the Cherenkov light, and low BNB event rate, many channels 

may still be live for the capture.
• Triggering and readout of individual channels (rather than chips) would be nice.
• This is a firmware, not hardware issue (I think)

• Nonetheless, we want to take the opportunity to think about scaling to larger detectors
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Backup Slides
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 ANNIE: 
Physics 

To turn neutrino physics into a precision science we need to understand the complex multi-
scale physics of neutrino-nucleus interactions.

ANNIE is a final-state X + Nn program to complement X + Np measurements in LAr

The presence, multiplicity and absence of neutrons is a strong handle for signal-
background separation in a number of physics analyses!

• Dominant source of systematics on future 
long baseline oscillation physics

• Source of uncertainty and controversy in 
short baseline anomalies

• We need comprehensive and precise 
measurement for a variety of targets/Eν
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scale physics of neutrino-nucleus interactions.

ANNIE is a final-state X + Nn program to complement X + Np measurements in LAr

The presence, multiplicity and absence of neutrons is a strong handle for signal-
background separation in a number of physics analyses!

• Dominant source of systematics on future 
long baseline oscillation physics

• Source of uncertainty and controversy in 
short baseline anomalies

• We need comprehensive and precise 
measurement for a variety of targets/Eν

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
E
ν
 (GeV)

0

10

20

30

40

50

60

d(
E ν
,E

ν)
 (1

0-3
9 cm

2 /G
eV

) 

0.2
0.6
1.0

E
ν
 (GeV)

Martini, Ericson, Chanfray - arXiv 1211.1523v2

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
E
ν
 (GeV)

0

10

20

30

40

50

60

d(
E ν
,E

ν)
 (1

0-3
9 cm

2 /G
eV

) 

0.2
0.6
1.0

E
ν
 (GeV)

36

There may be FSI-induced neutrons in some cases and for some modes (e.g., ⇡0 scattering in the

nucleus could occur, but K+ scattering would be rare), but it is also expected that not all nuclear de-

excitations from s1/2 states will give neutrons. In fact, more detailed nuclear calculations by Ejiri [58]

predict that only 8% of proton decays in oxygen will result in neutron emission. This means that only

0.80 x 0.08 = 6% of all proton decays in water should result in neutrons (ignoring FSI production by

proton decay daughters). Thus neutron tagging may be an e↵ective way to tag atmospheric neutrino

backgrounds for all modes of proton decay where significant momentum is transferred to the nucleus.

For ASDC we have assumed the extreme cases of 90% and 0% reduction to see the e↵ect of neutron

tagging. Since currently HK has only an 18% e�ciency for detecting neutrons with 40% coverage, it

is assumed that neutron tagging in HK with the planned 20% coverage is negligible. If HK added

gadolinium this would change, however.

FIG. 15. Estimated sensitivity of an ASDC experiment compared to Super-K. The improvement is due both to

larger size and improved background reduction. If proposed long baseline detectors are built, Hyper-K would

be better but LBNE worse for detecting this mode of proton decay. The upper ASDC curve assumes 90%

background reduction due to neutron tagging, whereas the lower curve assumes no neutron tagging.

Thus we estimate that backgrounds in an ASDC with very e�cient ('100%) neutron tagging via

the 2.2 MeV gamma from will be reduced a factor of 10 compared to SK. Figure 15 shows the expected

sensitivity at 90% c.l. for detecting proton decay via this channel in SK and in an ASDC experiment

with neutron tagging and with no neutron tagging. Somewhat arbitrarily, a 2025 start date is assumed.

Thus in this mode a 100 kT ASDC experiment would catch up with SK in sensitivity in a little over

three years, despite the fact that SK would have been running for over thirty years at that point.

If Hyper-Kamiokande is built, it would be better in this particular mode, but an ASDC experiment
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Timing and granularity are important

 2015 Oct 19 8

Vertex (Low Energy)

● Performance:

muon pion

Good vertex reconstruction is important for fiducialization

Track counting is important for separating between CCQE-
like events and non-CCQE-like events.

Later runs with full LAPPD coverage will attempt to 
reconstruct NC and CC-RES events.

 
LAPPDs provide needed time resolution and spatial 

granularity
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Vertex (Low Energy)

● Performance:

muon pion
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Good vertex reconstruction is important for fiducialization

Track counting is important for separating between CCQE-
like events and non-CCQE-like events.

Later runs with full LAPPD coverage will attempt to 
reconstruct NC and CC-RES events.

 
LAPPDs provide needed time resolution and spatial 

granularity

Timing and granularity are important


