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First of all, I’d like to thank the organizers:
1) for asking me to give this sunny, concluding talk

2) for setting a good example in the proper use of
our beloved “v”

Of course “v” looks like a “v”, but
everyone knows it has an “n” sound.

Well okay, maybe not everyone...
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It has been a couple of decades since SN1987A, and 406 years
and 287 days since a supernova was last definitely observed
within our own galaxy.
Of course, no neutrinos were recorded
that mid-October day in 1604...
but it was probably a type la, anyway!




Yes, it’s been a long, cold winter for SN neutrinos...
but there is hope!




You may have noticed that | am a pretty happy guy...




Sometimes this concerns my colleagues:
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Historical Observers: Chinese
Likellhood of Identification: Possible
Distance Estimate: 8,200 light years

Historical Observers: Chinese
Likellhood of identification: Probable

Distance Estimate: 16,000 light years

Type: Core collapse of massive star

PAST:

Historical Observers: Chinese
Likellhood of Identification: Possible
Distance Estimate: 3,000 light years
Type: Core collapse of massive star?

Historical Observers: Chinese, Japanese,

Arabic, European
Likellhood of Identlification: Definite
Distance Estimate: 7,000 light years

Historical Observers: Chinese, Japanese,

Arabic, Native American?
Likellhood of Identification: Definite
Distance Estimate: 6,000 light years

Historical Observers: Chinese, Japanese
Likellhood of Identification: Possible
Distance Estimate: 10,000 light years
Type: Core collapse of massive star

Type: Core collapse of massive star
Type: Core collapse of massive star

Type: Thermonuciear explosion of white dwart

So, about six
- observed €

core collapse
explosions in
1800 years...

e

TYCHO’S SNR KEPLER’S SNR CASSIOPEIA A

Historical Observers: European, Chinese, Korean ¥ Historical Observers: European, Chinese, Korean Historical Observers: European?

Likellhood of identification: Definite: Likelihood of Identification: Definite Likellhood of identification: Possible

Distance Estimate: 13,000 light years Distance Estimate: 10,000 light years

Type: Thermonuclear explosion of white dwarf?

Distance Estimate: 7,500 light years

Type: Thermonuciear explosion of white dwar Type: Core collapse of massive star

NASA’s CHANDRA X-RAY OBSERVATORY



Historic
Milky Way
Supernovas

1-3/century
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sSupernova detectors in the world
(running and near future experiments) St_Jper-K
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The Super-Kamiokande neutrino detector, in Mozumi, Japan.



50,000 tons
of ultra-pure

detectors

underground

- (-

- N
: e -~ -

-
AV AT AR Y e

AT A

@, A
A W

Ay A,

>
>
> P
o

- %
~r W B L 2

One kilometer [SSSSSSSSS

HH

-~
P TR g e . o -
) - e
-

. !

o 4

A A AN N
29\ 99

Observes

Y solar neutrinos

from the Sun
and
atmospheric
neutrinos from
cosmic rays.

This is by
far the
world’s most
capable
supernova
neutrino
detector.




I've been a part of
Super-K (and wearing  SEEEE—ES-s ]
brightly-colored shirts) — FEEEESSEEEE I

from its very early days... SEEEES

January 1996



So, how can we be sure to see some supernova
neutrinos without having to wait too long?



GLENN'S FIVE DAY FORECAST
TUES  WED THURS FRI SAT

ON WE
98 137 209 FIRE DIE

My forecast is a bit more optimistic than Glenn’s...

which is good, because it’s Saturday!



This Is not the typical view of a
supernova! Which actually... is good.

Yes, nearby supernova explosions may be rare,
but supernova explosions are quite common.




There are thousands of
Here’s how most supernova explosions

of them looktous  per hour in the universe
(video is looped). as a whole!

These produce a diffuse
supernova neutrino
background [DSNB],

also known as the
supernova relic
neutrinos [SRN].

(May 31st, 2011)
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In 2003, Super-Kamiokande published the world’s best limits on this so-
far unseen flux [M.Malek et al., Phys. Rev. Lett. 90 061101 (2003)].

[see Sakuda-san’s talk for most recent SK analysis]
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Unfortunately, the search was strongly limited by
backgrounds, and no clear event excess was seen.



Flux limit and theoretical prediction
E.>18 MeV (E >19.3 MeV)

SRN / sq-cm/ sec

3.51
3-
2.5-
2-
1.51 SK-I upper limit: < 1.2 /cm?/sec
1- l
0.5 |
0 /1 . . .
Population Cosmic Cosmic Heavy Constant LMA MSW
Synthesis  Gas Infall Chemical Metal SN Rate  Oscillation
(Totanietal., 1996) (Maaney, 1997)  Evyolution Abundance (Totanietal,1996) (Ar|1:0ioetal-.2902)d
(Hartmann et al., 1997) (Strigari et al , 2003) atuI<I( |\'|‘e|\|vdl\s‘_)e

SK limit is close to the expectation! [ Predicted SRN Flux = SK SRN Limit
(E > 19.3 MeV) (90% C.L.)




So, experimental DSNB limits are approaching
theoretical predictions. Clearly, reducing the
remaining backgrounds and going lower in energy
would extremely valuable.

Note that all of the events in the present
SK analysis are singles in time and space.

And this rate is actually very low... just
three events per cubic meter per year.




An SK
picture
of the
Sun in
solar

neutrino
“light”.

Solar flux =
105 X DSNB

Galactic SN =
10611 X solar flux




With this in mind, John Beacom and | wrote the original
GADZOOKS!

(Gadolinium Antineutrino Detector Zealously
Outperforming Old Kamiokande, Super!)
paper in late 2003. It was published the following year:
[Beacom and Vagins, Phys. Rev. Lett., 93:171101, 2004]



How can we identify neutrons produced by the
Inverse beta process (from supernovae, reactors,
etc.) in really big water Cherenkov detectors?

Vo + p — e"+n

As we approach the megaton scale, you can forget
about using liquid scintillator, 3He counters, or heavy
water!

Without a doubt, at the 50 kton+ scale the only
way to go is a solute mixed into the light water...




One thing'’s for sure: plain old NaCl isn’t going to work!

To get 50% neutron capture on Cl
(the other 50% will be on the hydrogen
In the water and essentially invisible)
you'll need to use 6% NaCl by mass:
- 3 kilotons of salt for a 50 kton detector! <




Neutron Captures on Cl vs. Concentration

Seawater
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So, we eventually turned to the best neutron
capture nucleus known — gadolinium.

GdCl; and Gd,(SO,);, unlike metallic Gd, are highly
water soluble

Neutron capture on Gd emits a 8.0 MeV y cascade

100 tons of GdCl; or Gd,(SO,); In SK (0.2% by mass)
would yield >90% neutron captures on Gd

Plus, they are easy to handle and store.




Captures on Gd

0w 01%Gdgives e )
100% I >90% efficiency ~—
i for n capture

80% - In Super-K thismeans |
~100 tons of water soluble
I GdCl; or Gd,(SO,),
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Neutron tagging in Gd-enriched Super-Kamiokande

/Possibilitv 1:10% or Iess\
n+p—>d + vy
/
EVA nO/O ~J 2.2MeV y-ray
e\p R P \ \_ .

O ”
) Gd@\
© \’Y ’C 2
Possibility 2: 90% or more
/ n+Gd —~8MeV vy

AT =~30 psec
\_ /

Positron and gamma ray
vertices are within ~50cm.

Vv, can be identified by delayed coincidence.

[reaction schematic by M. Nakahata]



But, um, didn’t you just say 100 tons?
What's that going to cost?

In 1984: $4000/
In 1993: $485/
In 1999: $115/

«g —> $400,000,000
«g —> $48,500,000

«g —> $11,500,000

In 2010: $5/kg —> $500,000



These low, low
prices are for real.

Back in 2005, $24,000 bought me 4,000 kg of GdCl..
Shipping from Inner Mongolia to Japan was included!



<]

dN/AE_ [(22.5 kton) yr MeV]"

Here’s what the coincident signals in Super-K

with GdCl; or Gd,(SO,), will look like
(energy resolution is applied):

\ DSNB range
\ €—— Reactors
\
\\
\
\
\
\\
\‘ Supernovae =
\\ Atmospheric
\ W @
\
\

\ Most modern

Vet p =2 e"+n
spatial and
temporal separation
between prompt e*
Cherenkov light and
delayed Gd neutron
capture gamma
cascade:
A=~4cm, 1=~30us

S 10 15 20 25 30 35
Measured E_ [MeV]

- A few clean events/yr
In Super-K with Gd




So, perhaps Super-K can be turned into a great big
antineutrino detector... it would then steadily
collect a handful of extragalactic DSNB events
every year with greatly reduced backgrounds.

Also, Imagine a next generation, megaton-scale
water Cherenkov detector collecting 100+ per year!

Hyper-K
N.B.: This is the only neutron detection technique

which iIs extensible to Mton scales, and at minimal
expense, too: ~1% of the detector construction costs




After all, John and | never wanted to merely propose a
new technique — we wanted to make it work!

ol EASIER
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Showbird photo by A. Kusenko]

Now, suggesting a major modification of one of the
world’s leading neutrino detectors may not be the
easiest route...



...and so to avoid wiping out, some careful
hardware studies are needed.

What does gadolinium do the Super-K tank materials?
Will the resulting water transparency be acceptable?
Any strange Gd chemistry we need to know about?
How will we filter the SK water but retain dissolved Gd?



As a matter of fact, | very rapidly made two
discoveries regarding GdCl; while carrying a

sample from Los Angeles to

1) GdCl; Is quite opaque to X-rays

okyo:

2) Airport personnel get very upset when they find
a kilogram of white powder in your luggage
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Now, we've built a dedicated Gd test facility, complete with its
own water filtration system, 50-cm PMT's, and DAQ electronics.

This 200 ton-scale R&D project is called EGADS —
Evaluating Gadolinium’s Action on Detector Systems.

EGADS Hall
(2500 mA3)




EGADS Facility

In June of 2009
we recelved Gd Pretreatment 240 50-cm PMT'’s

full funding System
(390,000,000 yen /

= ~$4,300,000)
for this effort.

Selective Water+Gd 200 ton (6.5m X 6.5 m) /

Filtration System water tank (SUS304)  Transparency
Measurement



Hall E and EGADS
12/2009 2/2010

6/2010 12/2010




Adding 383 grams Gd,(SO,), to 191 liters of H,O; January 5", 2011




Resulting solution is rather cloudy; January 5™, 2011




After treating with H,SO,, solution is completely clear; January 5%, 2011




2/2011

Hall E and EGADS




EGADS Selective Filtration System June 2011
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Cherenkov Light Left At 20 m

=]
o

—Top —~Center —Bottom =<SK

m
-]
o

t at 20

=7]
==

v Ligh
o

renko

=
o

glg Che
o

The filtration system is working perfectly.

=2 We will inject the first 24 kg of Gd,(SO,),
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four days from today!
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EGADS Schedule

2009-10: Excavation of new underground experimental hall,
construction of stainless steel test tank and
PMT-supporting structure (all completed, June 2010)

2010-11: Assembly of main water filtration system (completed),
tube prep (completed), mounting of PMT's,
Installation of electronics and DAQ computers

2011-13: Experimental program, long-term stability assessment

At the same time, material aging studies will be carried out in Japan, and
transparency and water filtration studies will continue in the US
The goal is to be able to state conclusively whether or
not gadolinium loading of Super-Kamiokande will be
safe and effective.
Target date for decision = mid-2012
= Gadolinium in SK by 2015, DSNB by 2016! €«
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