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annie

The Accelerator 
Neutrino Neutron 

Interaction Experim
ent

•
ANNIE is a neutrino experim

ent 
deployed on the Ferm

ilab Booster 
Neutrino Beam

.  

•
It is aim

ed at better understanding 
neutrino-nucleus interactions, 
specifically the neutron yield. 

•
It is also an R&

D platform
 to develop 

and dem
onstrate new neutrino 

detection technologies/techniques. 

•
Fast photosensors (LAPPDs) and 
detection m

edia (G
d-loaded water 

and eventually water-based liquid 
scintillators).

(ANNIE)

2

The alm
ost com

plete Phase II ANNIE detector is com
m

issioned and taking beam
 neutrino data! 

 First LAPPD
 deploym

ent com
ing soon !   
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The ANNIE C
ollaboration
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UK/Europe 
●

Edinburgh (1) 
●

Sheffield (1) 
●

W
arwick (2) 

●
Ham

burg (3) 
●

M
ainz (3) 

●
Tübingen (3) 

●
Erciyes (4) 

●
Dem

okritos (1) 

AN
N

IE has grow
n to 16 full m

em
ber institutions (8 US/8 non-US)  -  45 collaborators  

Som
e recent additions are form

er AN
N

IE m
em

bers m
oving to new

 institutions 
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The ANNIE C
ollaboration
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AN
N

IE has grow
n to 16 full m

em
ber institutions (8 US/8 non-US)  -  45 collaborators  

Som
e recent additions are form

er AN
N

IE m
em

bers m
oving to new

 institutions 

United States 

•
Iowa State (9) 

•
UC Davis (5) 

•
Rutgers (4) 

•
Liverm

ore (3) 

•
SDSM

T (3) 

•
UC Irvine (2) 

•
O

hio State (1) 

•
UChicago (1) 

•
(Ferm

ilab, 3) 

•
Associate: 
UC Berkeley (2)

UK/Europe 
●

Edinburgh (1) 
●

Sheffield (1) 
●

W
arwick (2) 

●
Ham

burg (3) 
●

M
ainz (3) 

●
Tübingen (3) 

●
Erciyes (4) 

●
Dem

okritos (1) 
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•
ANNIE m

easures the m
ultiplicity of final state neutrons as a 

function of the outgoing lepton m
om

entum
 and direction. 

•
Neutron detection efficiency is enhanced by addition of 
gadolinium

 to the water. 

•
Neutrons are a m

ajor com
ponent of the nuclear recoil system

 
and a source of m

issing energy in neutrino reconstruction/
detection. 

•
ANNIE will provide high-statistics data (10

4 per ton and year) on 
neutron yield to im

prove M
C generators for G

eV neutrino 
interactions. 
→

 Reduction of critical system
atic uncertainties for  

     energy m
easurem

ent in NO
vA/T2K/DUNE/HyperK.  

•
Potential NC m

easurem
ent for DSNB/proton decay backgrounds. 

→
 ANNIE can provide precision data on the relevant    

     G
eV neutrino cross-sections. 

•
Nearby SBND LAr-detector provides opportunity for com

bined 
water/Ar cross section analysis using sam

e neutrino beam
. 

→
 NSF CAREER Award  for ANNIE collaborator Andy M

astbaum
.

ANNIE Physics

5

N
eutrons from

 neutrino interactions are a significant system
atic 

uncertainty in a variety of physics m
easurem

ents 
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Exam
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M
igration 

M
atrix 

for large-
scale  
W

ater-
Cherenkov  
Detector
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•
Steel tank holding 26 tons of  
G

d-loaded water 

•
132 (8’’-11’’) PM

Ts  

•
5+ fast photosensors (LAPPD

s) / 
300 readout channels. 

•
Front m

uon Veto (FV): 
2 overlapping layers of scintillator 
paddles 

•
M

uon Range D
etector (M

RD): 
11 X-Y alternating scintillator 
layers with 5cm

 iron absorbers

The ANNIE D
etector

6

LAPPDs to be 
inserted on 
slide rails 
between PM

Ts
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1.Neutrino charged current interaction in the fiducial volum
e 

produces a m
uon. Vertex reconstruction by LAPPDs and m

uon 
m

om
entum

 reconstructed in M
RD. 

2. Neutrons travel, scatter and therm
alize. 

3.- 4. Therm
alized neutrons are captured on the G

d producing 
flashes of light detected by standard PM

Ts.

Neutrino Interactions in ANNIE

7
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ANNIE Tim
eline

8

July 2018 
DOE ApprovalNovember 2018 

PMTs ordered

May 2019 
Inner structure 

complete

Late Aug 2019 

Tank deployed 

and filled

Mid-January 2020 

MRD and tank PMTs 

commissioned

Fall 2021 Deploy 

LAPPDs / Begin 

physics run 

Dec 2019 full Gd-

loaded!

construcQon
assem

bly
com

m
issioning

approval

7 m
o

3 m
o

5.5 m
o

COVID
-19

recom
m

issioning/LAPPD developm
ent

•
Data was collected over 2016-2017 in a partially instrum

ented 
im

plem
entation of the detector (so-called Phase I). This served 

as an engineering run and an opportunity to characterize 
background neutrons for the ANNIE physics m

easurem
ent.  

•
These backgrounds were found to be sm

all and are m
itigated 

by the buffer layer of water above the detector. Published in:  
JINST 15 (2020) 03, P03011 arXiv:1912.03186.
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ANNIE G
d loading was perform

ed in stages: 
•

First stage: ~10 ppm
 of G

d 
•

From
 09/25/19 to 11/29/19 →

 2 m
onths 

•
Second stage: ~100 ppm

 
•

From
 11/29/19 to 12/17/19 →

 2 weeks 
•

Full loading: ~1000 ppm
 G

d 
•

Process took a week (12/17/19 to 12/24/19) 
•

D
etector fully loaded since 12/24/19 (~ 2 years!)  
•

Neutron capture tim
e: 30

±1 μs 

For com
parison: SK-G

d 
•

since 08/17/20, G
d loading at 110.9±1.4 ppm

 
•

Neutron capture tim
e: 115.6±0.6 μs

ANNIE: M
ost-gadiated Neutrino D

etector

9

C
ustom

 purification system
 for sm

all-scale W
ater 

C
herenkov detectors developed by UC

 Davis 
collaborators. Published in JIN

ST15 (2020) 07 P07004. 
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•
W

ater transparency to Cherenkov light has  
been prim

ary concern of G
d-loaded detectors. 

•
ANNIE m

onitors target transparency by  
m

easuring intensity of LED flashes with PM
Ts across the water volum

e. 

•
By circulating the water, ANNIE’s purification system

 has kept the water transparency at 
the initial high levels for alm

ost 2 years now.

M
onitoring ANNIE W

ater Transparency

10

A
N

N
IE  

W
ater T

an
k
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•
Incom

 delivered all 5 LAPPD
s to ANNIE.  

•
They m

eet the originally stated 
requirem

ents: gains >10
6, tim

e res < 
100ps, Q

E~20%
. 

•
The newest four LAPPD

s exceed those 
requirem

ents. 

•
The collaboration has built a 
characterization facility at FNAL (Lab 6) 
to benchm

ark LAPPD
 perform

ance and 
test fully integrated system

s. 

•
The first LAPPD

 (#40) is fully 
characterized in prep for deploym

ent. 

•
A 6th LAPPD

 purchased by our 
collaborators at Tubingen will becom

e 
available this year.

Enabling Technology: LAPPD
s

11
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•
The LAPPD package is com

posed of:   

•
A waterproof housing with acrylic 
window, steel backplane and PVC 
sidewalks 

•
An Analog Pickup Board, which 
m

ounts to the back of the LAPPD 
and brings signals to the two readout 
m

ezzanine cards 

•
Two readout cards (ACDC cards) 

•
A trigger logic board 

•
A slow controls board (LVHV card)

D
esigning the LAPPD

 package

12

Since our last PAC
 report (pre-pandem

ic) m
ajor 

developm
ent w

ork on the LAPPD deploym
ent package
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Testing the LAPPD
 D

eploym
ent and Surface Electronics

13

•
 Successful test deploym

ent of housing in Spring 2021. 

•
Break out Boxes (BoB) provide slow controls, interface 
between surface electronics, power and waterproof cable. 

•
Falm

at waterproof Ethernet cables connect BoB to 
waterproof housing containing LAPPD

 &
 readout 

electronics. 

•
All housings are in hand. Successful fit test of PSEC

 
electronics in housing.

LAPPD surface Breakout Box 

Passed prelim
inary O

RC
 on all of these com

ponents

N
EW

!
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•
ANNIE has developed the first end-to-end LAPPD

 readout 
system

 using  picosecond electronics (PSEC
). Several revisions 

and m
odifications from

 the original system
 were required.   

•
Power distribution Revision: In-situ m

odifications to the 
AC

D
C

 and the addition of LVH
V board were required to 

reduce power draw and heating.    

•
AC

C
/AC

D
C

 Firm
ware Revision: The firm

ware for the 
AC

D
C

 and AC
C

 were com
pletely rewritten for speed 

increases.  

•
C

hannel Self-trigger: A standalone board was designed to 
provide robust channel level and m

ultiplicity triggers. 

•
Redesign of the LVH

V:  To provide AC
 coupling for tank-to-

surface com
m

unication and filter transients from
 power up and 

switching power supplies.

D
eveloping the LAPPD

 Electronics

14 to  ACC 

C
urrently undergoing full system

 integration test in Lab 6 
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annie

LAPPD
 O

n-site 
Integration Testing

15

•
New trigger boards have been 
delivered and successful dem

onstrated 
LAPPD

 self-triggered readout.   

•
Redesigned LVH

V boards have been 
tested, delivered and are currently 
being integrated . 

•
Full system

 integration test in Lab 6, 
including waterproof cables 

•
First test of AC

 coupled 
com

m
unications.

LA
PPD

Trigger Card

A
C

!D
C

(B
ack of LA

PPD
)

LVH
V

Laser

Laser

Y-Position

Tim
e

Trigger C
hannel 1

Trigger C
hannel 2

N
EW

!

Testing in progress

single PE signal
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•
Dem

onstrate robust com
m

unications and delivery of the beam
 

gate signal in full system
 operation  

•
Repeat full system

 integration test in Lab 6, including waterproof 
cables.  

•
Integration of LAPPD/electronics in waterproof housing, retest.  

•
System

 deploym
ent in the experim

ental hall (bucket test) and DAQ
 

integration.  
•

LAPPD DAQ
 readout already validated and tested with sim

ulated 
hardware.  

•
Deploym

ent. In-tank LAPPD com
m

issioning with DAQ

Upcom
ing LAPPD

 M
ilestones

16

→
 Start of physics data taking w

ith LAPPDs
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•
Deploym

ent of a tagged Am
Be neutron source 

inside the water volum
e. 

•
Neutron capture tim

e m
atches beam

 data. 

•
Background m

odel (event m
ultiplicity) is well 

understood. 

•
Neutron detection efficiency:  55-70 %

 
(depending on source location).

C
alibrating using Am

Be Neutrons

17

Am
Be neutron charge spectrum

Am
Be neutron capture tim

e

Am
Be neutron m

ultiplicity

nG
d capture: 

γ cascade 
w

ith ∑E≈8M
eV

prelim
inary

prelim
inary

integral charge (photo electrons)
N

EW
!
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M
R
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N
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D
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N
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AN
N
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PM
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R
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V
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R
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•
Beam

 data taking pre-shutdown for period January-June 2021.  Data taking for 
current beam

 run resum
ed last week in tim

e with the start of Booster beam
 running.   

•
All “conventional” ANNIE system

s up to specs and running on high duty factors.

O
bserving Beam

 Neutrinos

18

Extended readout window 
for neutron detection

PM
T event display 

CCQ
E event with out-going m

uon trackPM
T cluster tim

es  
relative to  

beam
 reference

N
EW

!
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•
Beam

 triggers with a prom
pt event featuring large PM

T signals (≥5 p.e.) are 
followed by an extended acquisition window of 70 µs. 

•
Allows acquisition of subsequent neutron captures without trigger threshold. 

•
Selected neutron candidates feature the expected capture tim

e profile at 
nom

inal G
d concentration.

D
etecting Neutrons from

 Beam
 Triggers

19

N
eutron capture tim

es (beam
)

τn  = 30±9 µs

prelim
inary

0
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hit

t
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hitsN

H
it tim

e distribution exem
plary beam

 event
n-captures in extended readout w

indow
  

sam
ple event

prom
pt µ

delayed neutron captures

n
n

n
n

N
EW

!
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•
M

uon energy reco in ANNIE relies on PM
T light pattern but m

ostly on the track 
inform

ation of the M
RD. 

•
W

e define a fiducial volum
e (FV) to optim

ize detection efficiency for subsequent 
m

uons. 

•
Current reconstruction algorithm

s nicely reproduce the data using the expectation 
from

 detector M
C.

Reconstructing C
C

Q
E events

20

FV

prelim
inary

N
EW

!
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•
Transparent W

bLS perm
its hybrid detection of 

scintillation and (unabsorbed) Cherenkov signals  
•

Enhanced neutrino energy reconstruction: W
bLS 

adds scintillation signal for sub-Cherenkov recoil 
protons etc. 

•
Enhanced neutron signals: im

proved light output 
(3×), detection efficiency (~90%

) and  spatial 
reconstruction (40→

20 cm
) 

•
Built acrylic vessel (~3’×3’) with 365 kg of G

d-W
bLS 

to be inserted in the ANNIE water tank 
•

G
d-loaded W

bLS (0.5%
 organic fraction) to be 

produced at BNL (M
. Yeh) 

•
Potential two-week test run in sum

m
er 2022. 

Testing water-based scintillator (W
bLS)

21

ν

!
E/E

SAN
DI vessel at Davis

W
bLS test at Davis

W
bLS adds scintillation from

 hadronic 
recoil to the m

uon Cherenkov signal

im
provem

ent 
expected for  

NEUTRINO
  

energy resolution

w
ater: 14.4%

 
→

W
bLS: 10.6%

N
EW

!
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•
The ANNIE collaboration has constructed, assem

bled and 
installed the detector which is now taking neutrino beam

 data. 

•
Neutrino beam

 data taken over the past year will be used in 
physics analyses.   

•
The G

d-loading of the detector has been a success. W
ater 

transparency has been excellent (~2 years!) and is being 
continuously m

onitored.  

•
A test of W

bLS could happen Sum
m

er 2022.  

•
PM

T gain and tim
ing calibration has been com

pleted and the 
first neutron source calibration run has been accom

plished.  

•
Fast laser calibration system

 has been built and is ready for 
deploym

ent.  

•
Significant developm

ent has been done to enable LAPPD 
deploym

ent. Currently undergoing full integration tests.  

•
ANNIE has observed neutrons from

 Am
Be calibration and 

beam
 triggers! W

e are able to find and reconstruct neutrinos.   

•
W

e are in the last stages of preparation for LAPPD deploym
ent! 

ANNIE Sum
m

ary

22



Thank you!
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ore 



ANNIE Publications
•

AN
N

IE C
ollaboration, M

easurem
ent of Beam

-C
orrelated Background N

eutrons from
 the Ferm

ilab 
Booster N

eutrino Beam
 in AN

N
IE Phase-I,  JIN

ST 15 (2020) 03, P03011, arXiv:1912.03186 
[physics.ins-det].


•
V. Fischer et.al., Developm

ent of an Ion Exchange Resin for G
adolinium

-Loaded W
ater, JIN

ST15 
(2020) 07 P07004, arxiv: 2004.04629 [physics.ins-det]. 


•
Proceedings: 


•
V. Fischer et al., AN

N
IE: N

eutron m
ultiplicity in neutrino interactions and new

 technologies, 
J.Phys.C

onf.Ser. 1468 (2020) 1, 012226


•
Em

rah Tiras et al., Detector R&D for AN
N

IE and Future N
eutrino Experim

ents, 
arXiv:1910.08715 


•
Evangelia Drakopoulou et al., AN

N
IE Phase I: N

eutron Background M
easurem

ents, 
arXiv:1903.11879 


•
Evangelia Drakopoulou et al., AN

N
IE Phase II Reconstruction Techniques, arXiv:1803.10624 


•
Proposals:


•
AN

N
IE C

ollaboration, Accelerator N
eutrino N

eutron Interaction Experim
ent (AN

N
IE): 

Prelim
inary Results and Physics Phase Proposal, arXiv:1707.08222 


•
AN

N
IE C

ollaboration, Letter of Intent: The Accelerator N
eutrino N

eutron Interaction 
Experim

ent (AN
N

IE), arXiv:1504.01480 


•
AN

N
IE C

ollaboration, Expression of Interest: The Atm
ospheric N

eutrino N
eutron Interaction 

Experim
ent (AN

N
IE), arXiv:1402.6411 



annie

Ferm
ilab PAC M

eeting - Nov 17, 2021
M

ayly Sanchez - Iowa State University

•
Deploym

ent of a tagged Am
Be neutron source 

inside the water volum
e. 

•
Neutron capture tim

e m
atches beam

 data. 

•
Background m

odel (event m
ultiplicity) is well 

understood. 

•
Neutron detection efficiency:  55-70 %

 
(depending on source location).

C
alibrating using Am

Be Neutrons

28

Am
Be neutron capture tim

e

•
Highest efficiency in fiducial region: 
64-69%

.  

•
Additional calibration runs planned 
with calibrated source will im

prove 
inconsistency and understanding 
when com

paring to and tuning 
sim

ulation. 
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•
By floating the background 
rates and efficiency the best fit 
to the m

ultiplicity distribution 
can be found. 

•
A Χ

2 best fit is used to 
determ

ine the free param
eters. 

•
The corresponding efficiency is 
calculated on a position-by-
position basis. 

•
Agreem

ent better than 0.1%
 for 

the first 3 bins, 3-4%
 for fourth 

bin (3 neutrons) and 36%
 for 

the fifth bin (4 neutrons). All 
w

ithin the statistical errors. 
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•
Calibration w

ith LED system
 (com

pleted) 

•
calibration of basic PM

T properties: 
average gain of 7×10

6 

cable delays at 5 ns uncertainty level 

•
installed and running since 2 years 

•
Calibration w

ith Fast LASER system
 

(built, deploying soon) 

•
pulse width: 100 ps 

•
diffuser ball to illum

inate photo sensors 

•
tim

ing cross-calibration of LAPPDs and 
PM

Ts on sub-nanosecond level 

•
system

 assem
bled, O

RC com
pleted

C
alibrating Photosensors

30

Fit to PM
T S.P.E. charge spectrum

 (LEDs)

charge (nC)

picosecond 
laser system

: 
Diffuser Ball

N
EW

!



LA
P

P
D

 A
chievem

ents

●
D

eploym
ent P

ackage 

○
P

roduced the first robust realization of P
S

E
C

 readout 
firm

w
are. 

○
R

ew
orked readout electronics to reduce pow

er 
consum

ption. 

○
D

esigned, built and tested tw
o revisions of the LV

H
V

 
(pow

er distribution) board. 

○
D

esigned, built, and dem
onstrated auxiliary trigger board 

for LA
P

P
D

. U
pdated readout firm

w
are to accom

m
odate 

auxiliary trigger. 

○
D

eveloped a sophisticated system
 for clock and trigger 

synchronization and m
onitoring.  

○
B

uilt and test-deployed the w
aterproof housing required 

for LA
P

P
D

 deploym
ent 



LA
P

P
D

 A
chievem

ents

●
S

urface C
om

ponents 

○
W

rote and tested all of the softw
are interfaces to 

integrate w
ith  the A

N
N

IE
 data acquisition system

. 

○
S

olved technical challenges involved w
ith interfacing 

surface electronics to tank through high-density 
w

aterproof cables. 

○
Firm

w
are developm

ent (see deploym
ent package) 

●
C

alibration system
s 

○
B

uilt and integrated laser-based LA
P

P
D

 tim
ing 

calibration system
 

○
P

S
E

C
 readout calibration data in hand (pedestal, tim

ing).


