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_ Are theffe undiscovered principles of natutei = = .. -
New symmetries, new physical laws? e
. Are there extra dimensions of space?
. Do all the forces become one?
. Why are there so many kinds of particles?
. What happened to the antimatter?
. What is dark matter?

How can we make it in the laboratory?

. How can we solve the mystery of dark energ
. How did the universe come to be?
). What are neutrinos telling us? .

From “Quantum Universe” and




The Antimatter
Gravity Experiment

The AGE Collaboration
\ Duke University
Fermilab
First Point Scientific, Inc
Hbar Technologies, LLC
Illinois Institute of Technology
Kansas State University
Luther College
NASA
Southern Methodist University
Stanford University
University of Arizona
University of Michigan
University of Texas

» The goal of the AGE collaboration is to make a direct
measurement of the gravitational acceleration of antimatter on the

earth.
Thomas Phillips



A\ Neutral Beam Experiment for Measuringg

Make a low-velocity antihydrogen beam

>Trap and cool antiprotons

>Trap and cool positrons

>Accelerate antiprotons, direct them through the

positron plasma to make a beam of antihydrogen

Direct the beam through a transmission-grating
inferferometer (Measure velocity with Time of Flight)
Measure g by observing the gravitational phase shift

>TInterference pattern shifts by the same amount the

atoms “fall” as they traverse the interferometer
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Making AnTihydrogen

» Antiprotons in frap are
cooled with electrons

N >electrons cool to wall temp

Lﬁr"\j by synchrotron radiation

»Positrons in a separate well

b)
m » To make antihydrogen
beam:

o) >accelerate antiprotons thru
KHJ positrons
1 >some make antihydrogen anc
t exit the trap in a beam

>high 1-pass conversion
probability with achievable

nncitran dAenciticc Thomas Phillips




AnTihydrogen ProducTion

>Antihydrogen Production

>Mechanisms: -
>3-body: p+e+e"->H+e
>radiative (r'e)_combina’rion

(a)antiproton

E + et -> H + phOTon antihydrogen in a strong magnetic fiel

(D.Vrinceanu, 15th International Conference

-—>3_body E + E e e*‘ =D H + E on Atomic Processes in Plasmas, 81 (2007))
>Rate estimate for first mechanism:

9
42\2 1 _
I'=6x 10_13(— nez[s 1] (Glinsky & O’Neil Phys. Fluids B3 (1991) 1279.)
T

T in K
n, in cm?3

For n,210°/cm’ production rates ~ 45% of p converted to H per

pass through a 10 cm positron plasma at 1 km/s
Thomas Phillips



The Atomic Lnterterometer

This interferometer design can make efficient
use of the uncollimated antihydrogen beam.
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The Atomic Lnterterometer

This interferometer design can make efficient
use of the uncollimated antihydrogen beam.

0% open grating —»i )

. second identical grating makes a

\ach-Zehnder interferometer:

A single grating splits
the beam and makes
a diffraction pattern.

The interference pattern
has the same period as th
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Atomic Interferometry Works!

» Interference has been observed with

the MIT/Arizona interferometer using
an atomic Sodium beam

(a) Nanogratings with

0.1 pm perif}T_»

Collimating slits
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This resolution is an order of magnitud:
P"S’""“c’de better than we need for the antimattel

~meter were rotated 90°, gravity would
deectr  Cause a phase shift of 200 radians. Atc

Fi
5 é E. gravity experiment. If this interfero-

interferometers (using lasers rather

»mic interferometer using sodium atoms and vacuum transmission gratings Than gr.a.hngs) have measur.ed 9 1.0 1:101
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Monte Carlo Results

Simple MC shows what

yur data will look like.

»Phase shift is a function of time-
f-flight: slower particles have
arger gravitational phase shift

»Get more transmission when
nterference peaks line up with
aps in mask

:d error in g fit vs. number of H on first gratingJ
5

N %) o, = (55 m/s®) (N_)"“
- H
2= third grating relative width = 0.25

fringe "intrinsic contrast” = 0.1

Mm: All after 2nd grating

:: Transmitted by

oo 3rd grating
45 [ H ¥ ¥ S 35 4.0 e 5.0

time of flight [ms]

12 | ndf 60.34 /¢
] 9.804 = 0.0¢
phasel 2377 =04
contrast 0.09204 = 0.006!
mean_trans 0.2488 = 0.00
“IIFIlflI]"l' ||| |
B N S ¥ R ¥ S ¥R ¥ S ¥ R ¥ I—
time of flight [ms]

Time of Flight (msec)

»Half a million
antihydrogen will
measure g to 1% of g.

L Ui 0’ Thomas Phillips




Stopping Antihydrogen

With a Magnetic Hill

Low field seekers are

repulsed by magnetic field

Field turned off before atoms

exit solenoid

N Low field seeker
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Stopping Antihydrogen

With a Magnetic Hill

N Low field seeker

Low field seekers are
repulsed by magnetic field 5 <
Field turned off before atoms ;5) High field seeker
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Stopping Antihydrogen

With a Magnetic Hill

Low field seekers are

repulsed by magnetic field % <
Field turned off before atoms ;5) High field seeker

N Low field seeker

exit solenoid B, Magnetic field

las worked with: B o

leon™ ]

) E;n=E%-1sm; B,
5 1 cm

lydrogen h ' .

\erkt, PRL'101, 143001 2008) Propacgation coordinate Thomas Phillips



lrapping Antihydrogen

Trap antihydrogen in a magnetic trap with a
Quadrupole Potential

4T (MK)

E=u,|B|+mgz

Thomas Phillips



Cooling Antihydrogen

E

Down is to the left. Z

Single-Photon Atomic Cooling: induce an atomic
‘ransition when atoms are near their turning point in
1 trap (minimum kinetic energy). The new state has a
imaller magnetic moment, so atom has lower potential
:nergy. It is cooled!

Thomas Phillips



Single-Photon Cooling

Single-Photon Atomic Cooling:
induce an atomic transition when
atoms are near their turning point
in a trap (minimum kinetic energy).
The new state has a smaller
magnetic moment, so atom has
lower potential energy. It is
cooled!

Atoms trapped in an optical bo.

23x increase in phase space density from magnetic trap!

G. Price et al., Phys. Rev. Lett. 100, 093004 (2008)

Thomas Phillips



Raman ILnterterometer

»High-precision matter-
antimatter difference
measurement using Raman

< Interferometer
i " " >split wave packet with laser
from S. Chu, Rev. Mod Phys. 70, 685 (1598) >reverse Sp|i1‘ with 2nd pulse

—Il[l[ll]l]IIIIIII]IIT'I—III—
(a) . | " -

>recombine with 3rd pulse
>local g resolution 1019 usinc

00

0

: Cs atoms
“EA . : >hydrogen in development
OO:—L | TP >1000 trapped H for 2x10”7
T2mn  12moon  12mn  12moon  12mn >Mark Raizen, AGE collaborator
12/8/96 12/9/96
puts Tine >can look for new ultra-weak

A. Peters et al. Philos. Trans. R. Soc. London Ser A 355, 2223.

forces by comparing H, H

Thomas Phillips
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Antihydrogen at Fermilab

»EB862 reported 99 H
observed in 1996 & 1997

° o
Third wire chamber is 24.4 meters away from first. >I n?ernal H gas J 81.
——l et Large dipole magnets deflect

k& n ,,l'v ‘: = ? 7’ b :':‘ beam-energy antiprotons by 235 mrad 1'0 rlg e1‘ in A nT i p r.o1.o n
v '; LEPT T } | ‘ i e, T
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Az »-Relativistic, detected
' destructively

>not useful for gbar
measurement

,/

v ol i
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Sodium iodide counter.

0\
‘,j /  Vacuum pipe w/scintillator
= Ve . | ends at center of Nal(Tl).

] Dipole macnet deflects posiron

% Solenoid magnets focus positrons

? YWheel holding ionization foils
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AnTihydrogen Lngredients

Making slow antihydrogen requires:

1. positrons
e can be made or collected from a source

2. antiprotons
e made at CERN and Fermilab

Thomas Phillips



Positron Source

» Surko Accumulator

»Commercial solution
is available
>up to 107 e*/sec
>user supplies 2°Na
>up to 150 mCi
>5-11 month delivery

Segmented electrode

for Rotating Wall

. " agme
Main solenoid magnet / Faraday Cup
13 e

Cheesecake coils ~ 300 Gauss each Mol - dutoctor ~ 1.5 kGauss
|

Small solenoid ~ 300 Gauss | =7 ]
COIdhead I I I Eé I] Gas Inlet ~
I— — | | e <> ]
Gas outlet .
|

——

I I — =
T=6K l / ] l Endpressure with gas off :~5x10“’m% l

40 mCi “Na o
auss' Law sign Cryopump

B+ radioactive source  Cilfree
turbopump

Cryopump
Solid neon moderator

Beam strength:
5 million e+ per second L
, ] . Thomas Phillips




Antiprotons at Fermilab

Antiprotons are made at Fermilab and CERN
>CERN's AD does not accumulate antiprotons

>pulses of 3x107 antiprotons every 90 s

>only runs part of year

>10-3 capture efficiency (3x10% per pulse)

>Fermilab can accumulate antiprotons

>accumulation rate typically exceeds 2x10'/hour

>ran year-round

>~50% capture efficiency possible with deceleration ring
- 10° x higher potential trapping rate than CERN

> accumulating really helps!
- antihydrogen production not tied to 90 sec. cycle
- H from charge exchange goes as (p density)?

3ottom line:
Much higher statistics possible at Fermilat

Thomas Phillips




Fermilab Main Lnjector

Main Injector

MI-22

MI-30 MI-10
Circulating protons

8 GeVto 120 GeV

MI-32

Main Injector

Beam is accelerated f
at MI-60

This picture actually shows the beam at two slightly
different times. A single batch is accelerated in the
Main Injector; at this instant it happens to be circulating
through the left-hand part of the picture. After the beam
reaches 120 GeV, it is extracted through the P1 and P2
production lines to F17; from there it is sent toward the
antiproton target. The antiprotons coming out of the
. target travel down the AP-2 line and into the Antiproton
Flg. 1-4 Source Rings, where they will be stored.

Antiproton Production

» The Main Injector is a 120 GeV storage ring
>Injection at 8 GeV
>Protons used for pbar & vproduction, Tevatron
>Can also decelerate protons, antiprotons

Thomas Phillips



Fermilab’s Antiproton Source

»accumulation rate

typically exceeds
2x10/hour

»accumulation rate
decreases with "stack”
size, so antiprotons are
transferred to the
recycler ("stash”) for
storage and additional
cooling

Thomas Phillips



Fermilab Recycler' ng

»Recycler is an 8 GeV fixed-energy (permanent
magnet) storage ring used to store & cool pbars
>Stocastic cooling
>electron cooling

Thomas Phillips



Recycler klectron Cooling

#= » The maximum antiproton stash size witt
§ stochastic cooling only is limited by
> STackin? Rate in the Debuncher-
Accumulator at large stacks

> Longitudinal cooling in the Recycler

| » Longitudinal stochastic cooling of 8 GeV
. antiprotons in the Recycler is enhanced
by Electron Cooling

> Electron beam: 4.34 MeV - 0.5 Amps DC
200urad angular spread

> Max beam current 700 mA Circulated in
| cooling section

> In U-Bend mode currents of 1000 mA hc
been obtained.

— ELECTRON
ACCELERATGR

Thomas Phillips



Qimpirjpiea cieciricadr scriermaliic O Ine ciec1rorn pedr
recirculation system

Collector 3kV Cathode High Voltage
4 = 1+ Anode| Pelletron
s T 7 N\.| PS Terminal
+ Ak Control— | = L20kv
ontro ForI=0.5 A, AI=5 YA:
— | — Electrode = ﬁRa
Suppressor Anode_l - »Beam power 2.15 MW
Electrode »Current loss power 215 W
»Power dissipated in collector 1.6 kW
Electron
Beam —T— 43MV
The beam power of 2 MW
requires the energy
— recovery (recirculation)
Loss Current p— S Cheme
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Main Injector Deceleration

essmsmmesssesesin| - » Preliminary deceleration studies done

. with protons

AN » A beam momentum of 3GeV/c was

- achieved without any accelerator
hardware modifications. Lower
momentum is clearly possible.

» Note the red RF glitches, and
accompanying green beam intensity
losses.

> There is a fix for this situation
requiring simple LLRF electronics mods.

» Simulations agree well with the
experiment.

38
BBBBBBB

fessum kv
’’’’’’’’
MPRE GEY

18
-2600860

a
666666666
1

Seconds MI_CYCLE 2E engineering units
i}

Bottom line: simple modifications to the Main

Injector would allow it to decelerate
antiprotons, which could then be transferred to

a dedicated low-energy decelerationring.



Design by FESS and

>r'e| | m| nar'y Cost Estimate by
- ol o2 a- e Vic Kuchler of FNAL
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>Ttopped Antiprotons at Fermilab

Hbar Tech LLC plans to commercialize

antiprotons at Fermilab
>business plan for medical
antiprotons
>cancer therapy
»PET isotope production
>non-invasive “surgery”
>Qriginal funding scuttled
by financial crisis in 2009

>New funding as soon as
January

>Hbar Tech founder built

:nnm;lnlv\'t‘ Dnﬁ\lﬁlnn H;V\h

Relative Cell Lethality

~99% Cell Death

ﬁ.‘ﬁ“""-’-'h ..................

ﬁ

Depth In Tissue
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>Ttopped Antiprotons at Fermilab

Hbar Tech LLC plans to commercialize

antiprotons at Fermilab
>business plan for medical
antiprotons
>cancer therapy
»PET isotope production
>non-invasive “surgery”
>Qriginal funding scuttled
by financial crisis in 2009

>New funding as soon as =
G| €M e
January e

>Hbar Tech founder built s b

X-RAY — PROTON - ANTIPROTON

Relative Cell Lethality
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Proposed Facility Location

Proposed:Enclosure
Location

-,
WL e e—
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Initial Construction

» Transfer line carrier
pipe already installed

 Additional construction
outside of radiation field

»Does not require a
shutdown to complete

Thomas Phillips
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AGE History

AGE sprang from the antiproton working group at
Fermilab’s 1st Workshop on Physics (2007)

Letter of Intent submitted to Fermilab 2008

e proposed an initial 1% measurement of gbar

 Fermilab Physics Advisory Committee (PAC) asked for additional
theoretical justification for why a 1% measurement might be
interesting--they did not find a 1% measurement compelling

e The PAC asked for additional deceleration studies
« The PAC asked for additional study of degrader

 The PAC found the interferometer proposal to be novel,
but asked that it be demonstrated with hydrogen

Thomas Phillips



Prototype Interferometer (Hydrogen)

Transmission gratings have a 1 um period
> Courtesy of Max Planck Institute for Extraterrestrial Physics

L = 62 cm between pairs of gratings

Uses a metastable H beam
>easily distinguished from backgr'ound

. .
' .
.
y by
»y . e
F A LNy
';'a U
.
S
Wy
S N
vy
B
= —

2
L
y =8| — op’rlcal alignment
14 elements

avitational deflections: Ay=3.8 um for v=1000 m/s => A¢=7.5 m radians
Ay=0.4 pm for v=3000 m/s => A¢$=0.8 m radians
Ay=0.15 um for v=5000 m/s => A¢p=0.3 m radians

Thomas Phillips
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Prototype Interferometer (Hydrogen)

Metastable hydrogen beam
is operational

269358.0

10000.04

1000.,0+

190,0-
0.0 100,0  200.0 300.0 445.7

Measured Time of Flight (usec)

Prototype interferometer
under construction.

Thomas Phillips



Rasnik Alighment system

X s

CCD
LED LENS CaMERA
MASK

: .-.-,.1.1:::!;:':::::‘

Rasnikl g
~ Rasnikz il

Used for CDF silicon systems
Screens with 20 micron squares * = -
Viewed with CCD video camera

Software analyzes video image
> Pattern encodes position on screen

> 0.05 micron relative position resolution
>(~10000 black <-> white transitions)

Too slow for phase monitoring

Microns
1 | 1
bhdhbbdbliornuwauwn
1 1 1 | | 1 1 1 1 | | | |

1 1 ] 1 1
0 2000 4000 6000 8000 101
Time(s)




Dual Optical Lnterferometers

»>Same geometry as atomic interferometer
»5000 line/inch Ronchi gratings

>Sub-micron resolution

>Side-by-side arrangement measures
rotation

»Fast: can measure interferometer phase

/ T
X> -

Photodiode <\§—

Thomas Phillips



AGE History (continued)

Revised Letter of intent submitted in 2009

* proposed a 107+ measurement using Raman interferometry
« The PAC found this compelling

 The PAC recommended the full proposal be deferred
until the technique could be demonstrated with matter
e Fermilab wants to see trapping and cooling H before proposal
* No resources provided

Collaborator Mark Raizen is working on trapping
and cooling hydrogen

* requires a 243 nm laser
e tried building one using a tapered amplifier (ImW?; not stable)

*  has now purchased a commercial solution (200 mW demonstrated)
e tunable optically pumped semiconductor laser (OPSL)

No additional resources, so no additional
development work is currently being pursued

o Formilah reenance wnec inadeaniinte +ta net NISF f1indinms phillios



Funding Status

NSF funding

>funds trapping of hydrogen at Texas A&M
>also SGER and ARP (Texas) grants

Private funding for antiproton facility

>antiprotons to be used for medical treatments

>Funding decision as early as this month
>Funds would be available in January

>contingent on Fermilab approval
>business plan calls for building in 1st year

>deceleration ring in 3rd year
»stopped antiprotons using degrader until ring complete



Fermilab’s Proposed Schedule

»Fermilab’s Tevatron just turned of f
>Antiproton source turns off

» Shutdown scheduled for 2012

>Upgrade for neutrino program
» Accelerator operations resume 2013
»g-2, mule planned for >2015

>current plan repurposes antiproton source
for these experiments

»alternatives exist, might be better.
>both experiments currently seeking approval

Thomas Phillips
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summary

The Antimatter Gravity Expt can directly measure the
force between antimatter and the earth with high
precision
> The Antimatter Gravity Experiment can be done using proven
technologies:
>antiproton production, trapping, & cooling
>antihydrogen production
>atomic interferometry
> direct test of the equivalence principle for antimatter
> sensitive to new forces with gravitational-scale couplings
> Requires new resources to proceed; some possible soon

Regardless of its outcome, AGE will be a classic expt!
Potential to answer some of the biggest questions in
physics!

Thomas Phillips
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