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The New g—2 Experiment:

A Proposal to Measure the Muon Anomalous Magnetic Moment

to £0.14 ppm Precision

New g—2 Collaboration: R.M. Carey', K.R. Lynch!, J.P. Miller!, B.L. Roberts!,
W.M. Morse?, Y. K. Semertzidis®>, V.P. Druzhinin®, B.I. Khazin®, I.A. Koop?,
I. Logashenko®, S.I. Redin®, Y.M. Shatunov®, E.P. Solodov?, Y. Orlov?, R.M. Talman®,
B. Casey®, B. Drendel®, K. Genser®, J. Johnstone®, A. Jung®, D. Harding®, A. Klebaner®,
A. Leveling®, J-F. Ostiguy®, N.V. Mokhov®, J. P. Morgan®, V. Nagaslaev®, D. Neuffer®,
A. Para®, C.C. Polly®, M. Popovic®, M. Rominsky®, A. Soha®, P. Spentzouris®, S.I.
Striganov®, M.J. Syphers®, G. Velev®, S. Werkema®, F. Happacher®, G. Venanzoni®,

M. Martini®, D. Moricciani”, J.D. Crnkovic®, P.T. Debevec®, M. Grosse-Perdekamp?®,
D.W. Hertzog®, P. Kammel®, N. Schroeder®, P. Winter®, K.L. Giovanetti®, K. Jungmann'?,
C.J.G. Onderwater'”, N. Saito'!, C. Crawford'?, R. Fatemi'?, T.P. Gorringe'?,

W. Korsch!?, B. Plaster!?, V. Tishchenko'?, D. Kawall'®*, T. Chupp!?, R. Raymond!?,
B. Roe!*, C. Ankenbrandt'®, M.A Cummings'®, R.P. Johnson'®, C. Yoshikawa!®,

A. de Gouvéa'®, T. Itahashi'™, Y. Kuno'”, G.D. Alkhazov'®, V.L. Golovtsov'®,

P.V. Neustroev'®, L.N. Uvarov'®, A.A. Vasilyev'®, A.A. Vorobyov!®, M.B. Zhalov'®,

F. Gray'®, D. Stockinger?, S. Baefiler’!, M. Bychkov?', E. Frlez?', and D. Poéanié?!

http://Iss.fnal.qov/archive/test-proposal/0000/fermilab-proposal-0989.shtml
B. Lee Roberts, Cornell University, 5 November 2010
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Fermilab P989

First submitted to PAC in February 2009
— Great physics, how much does it cost?

Building etc. costing exercise summer 09, report
to PAC in November 2009

— Great physics, Director must talk with DOE to
figure out how to fund it.

DOE Intensity Frontier Review August 2010

— result embargoed until Presidential Budget
released

B. Lee Roberts, Cornell University, 5 November 2010



BOSTON

UNIVERSITY

Outline of the Talk

Brief review of magnetic moments -- including
the theory of a,

Spin motion in a magnetic field
Overview of the experimental technique
ne precision storage ring magnet

ne fast muon kicker

ne electrostatic quadrupoles
Beam dynamics in the storage ring
Outstanding challenges for the future
Summary and conclusions

B. Lee Roberts, Cornell University, 5 November 2010



Muon: (2" generation lepton)

7, = 2.197 03(4) ps

myc® = 105.658 389(34) MeV

“Who ordered that?”

B. Lee Roberts, Cornell University, 5 November 2010




Muon: (2" generation lepton)

Source: weakdecay T — U Uy

The Pion Rest Frame

—— «<=—— spin
T momentum
Vi

Egggngg B. Lee Roberts, Cornell University, 5 November 2010




Magnetic Moments: g-factors, etc

— € —
o= 0 (5,,)

41— magnetic moment g —g value S — spin

* Dirac Equation predicts g =2

* [n nature, radiative corrections make
g7 2

18

op(O)

Wy
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Kusch and Foley,

Schwinger, 1947
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An aside: The QED contribution to both electron anc ~
(9-2) is calculated through (o/7)*, with the (o/7)° terrd”

being calculated by Kinoshita et al. -
%

 This level of precision is far beyond what its inver-'_'_d*----i;r'_,;
Imagined.

“The main point was that all of us who put QED together, including

especially Feynman, considered it a jerry-built and provisional
structure which would either collapse or be replaced by something
more permanent within a few years. So | find it amazing that it has
lasted for fifty years and still agrees with experiments to twelve
significant figures. It seems that Nature is telling us something.
Perhaps she is telling us that she loves sloppiness.”

Freeman Dyson (private communication) — December 2006

Egggngg B. Lee Roberts, Cornell University, 5 November 2010




Magnetic Moments — ctd.
eh g— 2
= (1 —— | where g = ( )
b= a) <2m) . 2
eh

2me

eh

1.001 159652180 73(28)

1.001 165920 89(63)
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B. Lee Roberts, Cornell University, 5 November 2010




The SM value for lepton MDMs is one of the most
precisely calculated numbers in physics

The Electron: to the level of the experimental error (4ppb),

ac(Standard Model) = a.(QED with ~, €)

Contribution of y, (or anything heavier than the electron)
IS <4 ppb.

For the muon, the relative contribution of heavier particles

( )2~4o 000 =

au(SM) = aM(QED) + ay(hadronic) + ay(weak)

Egggngg B. Lee Roberts, Cornell University, 5 November 2010 - p. 10/70




Standard Model Value for (g-2)

“rg 7%
+ é + higher order terms
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Egggngg B. Lee Roberts, Cornell University, 5 November 2010




Standard Model Value for (g-2)
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Lowest Order Hadronic contribution from e*e-annihilation

au(had) = (?)2

(i3

o(ete —
/ —K(s)( ( hadrons))

4m2 82 glete — utu-)

Egggngg B. Lee Roberts, Cornell University, 5 November 2010
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B. Lee Roberts, Cornell University, 5 November 2010
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B. Lee Roberts, Cornell University, 5 November 2010 - p. 15/70




anM =116591793(51) x 10~11 (0.44 ppm)*

+ higher order terms

/ H
g i ;
, iy
VUV

Wm mmmh.nm WSS L %
Z %% Y

6914£42 14 ..* 7 qco

+ higher order terms

*Davier, et al.,

arXiv:1010.4180v1
1st + 2nd Order Weak = 152+ 2 % 1 [hep-ph] 20 Oct 2010
BOSTON

UNIVERSITY B. Lee Koberts, Lornell university, 5 November ZU1U -p. 10/70




Present preC|S|on + 0.54 ppm

x 10— 11 (0.54 ppm

= (9.4 ppm) CERN e
(10 ppm) . CERN L
(13 ppm) ® Eg21 (97) L
(5 ppm) E821(98) |
LL
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An interesting, but not definitive difference with theory.

Egggngg B. Lee Roberts, Cornell University, 5 November 2010




Many BSM speculations: e.g SUSY ( large tang )

v
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Egggngg B. Lee Roberts, Cornell University, 5 November 2010




Other Models

Technicolor

— small Aa,

Littlest Higgs with T-parity

— small Aa,,

Universal Extra Dimensions

— small Aa,,

Randall Sundrum

— could accommodate large Aa,,
Two Higgs doublets, shadow Higgs
— small Aa,

Additional light bosons that can affect EM interactions
(difficult to study at LHC)

— secluded U(1),etc., could have significant Aa,,

UNIVERSITY B. Lee Roberts, Cornell University, 5 November 2010
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Traditionally,

« For many years, muon (g-2) has provided strong
and serious constraints on models of physics
beyond the standard model.

Egggngg B. Lee Roberts, Cornell University, 5 November 2010




Spin Precession Frequencies: xin B field

{9 .
W/ (],

spin difference frequency: wg = ws — We

Momentum —

The highest energy
decay e* are along
the muon spin
direction

BOSTON

UNIVERSITY

B. Lee Roberts, Cornell University, 5 November 2010




Spin Precession Frequencies: E and B field

0
X
c

(Lu,g — <CLM

€
m .
operate at “Ymagic — 29.3

use electrostatic focusing

B = <B>u—dist
Need to know (B),,_dist
to ~ 0.01 ppm

B. Lee Roberts, Cornell University, 5 November 2010




Experimental Technique

25ns bunch of X, =77 mm
1-5X10'2 p =10 mrad

Inflector Brdl=0.1Tm

 Muon polarization
* Muon storage ring

- focus with Electric Quadrupoles || -orage Kicker

) ) | \Ilring Modules
24 electron calorimeters \ R=711.2cm

o\ %

Br— auB

m B P

Electric Quadrupole S




Fermilab Beam Scheme

Booster/Linac

Main Injector @ ’
Szl

Injection to FR NG

htl-30

beam MEW TRANSF ER LINE
rebunched, in
| Recycler

4x(1x10"%)p

\m Uses 6/20 batches*
" ¢ parasitic to v program

m Proton plan up to APO target is
almost the same as for Mu2e

m Uses the same target and lens
b2 as the present p-bar program

m Modified AP2 line (+ quads)
m New beam stub into ring

*Can use all 20 if Ml program is off = Needs simple building near
B. Lee Roberts, Cornell —5 Novecrag;yg‘l§er\"ces - p. 24/30

Extraction from RR



The 900-m long decay beam reduces the pion “flash” by x20

and leads to 6 — 12 times more stored muons per proton
(compared to BNL)

Flash compared to BNL

DIA  ap1o |

7 -_:;;E_-L.;“Esa.{: Cighinhd / parameter FNAL/BNL
p/ fill 0.25
n/p 0.4
T survive to ring 0.01
7 at magic P 50

—

Net ( 25} )

Stored Muons / POT

BNL FNAL gain factor FNAL/BNL

parameter

/ Y, pion/p into channel acceptance =~ 2.7TE-5 =~ 1.1E-5 0.4
;,”'} L decay channel length 88 m 900 m 2
. decay angle in lab system 3.8 & 0.5 mr forward 3
E2 dpx /P Pion momentum band +0.5% +2% 1.33
FODO lattice spacing 6.2 m 3.25 m 1.8
inflector closed end open end 2

D ———
total < 11.5 >




Plan View of the Injection Line

Muon orbait

B. Lee Roberts, Cornell University, 5 November 2010



The Inflector

NbTi/Nb/Cu
65.0(~ Magnetic Flux
Yimm L Lengin oo Shield
: Flux density ~ : gauss
Field strength : Am’” Ol.lter
55.0 Potental - gauss-om X
% Coil
50.0— power w
= S
450 W kg &
o)
400 :
35.0 o | Bid
300~ 3 8 Helium Channel
= g drtoat g (For radiation
25.0 Quadratic elements =] .
Ol XY symmetry [ Shleld)
200 e Vector potential ~
Magnetic fields [
Static solution <
15.0— \ Scale factor = 1.0 ~
Vo 14333 elements fel
\ \ O 28858 nodes 5
100 NEE RN \/ 119 regions I
SRRRRRERERE . =
5.0~ RAARRRRERRE: &8
| ( =]
o l \ H\HHMH“\\\"Q‘ =
8o 10.0 20.0 30.0 70.0 80.0 90.0 =
X [mm]
o
VF OPERA-2d > .
Pre and Post-Processor 8.014 Helium Channel
(For Cooling)

Length = 1.7 m
Central field =145T

E821 Prototype
Open End

O berts, Cornell University, 5 November 2010
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Inflector 77 11]111:
E}f;n?lef“ﬂ L Muon storage
: region p = 45 mm \
Inflector s ot - Beam vacuum
cryostat N chamber
pa
_j Superconducting Partition wall
= o coils Passive superconducting
shield
c DG entrance el and storage vo o plus 3
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Kapton insulation to

prevent eddy currents
from running around
the ring, especially
during an energy
extraction or quench.

ell University, 5 November 2010




muon (g-2) storage ring

: Muon Ilfetlme

*"E (g-2) period

Cyclotron period

# of turns in ring 31 2010




Mapping the Field

NMR B-field

mapping
trolley

Free induction decay signals:

250 kHz Sampling Rate

Amplitude (12 ADC readout)

50 2600 2800 3000 3200
time [us] Frequency [Hz]

B. Lee F\UUUILD, UITIGII UIIIVUIOIly, v INUVCTIIIVTI 4V 1V




Mapping the Field

RS fixed probes,

Fixed probes monitor dipole and
quadrupole field components

2 2600 2800 3000 3200
time [ps] Frequency [Hz]

B. Lee F\UUUILD, UITIGII UIIIVCIOIly, v INUVCTIIIVTI 4V 1V




Azimuthal position [deg]

B. Lee Roberts, Cornell University, 5 November 2010
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Average Field Seen by the Muons
< B>=[M(r,0)B(r,0)rdrdf

In the average, B couples
multipole by multipole with the
moments of the muon
distribution.

B(r,0) = » r"[cncosnb + spsinnd]

=10

M(r,0) =) [ym(r) cosmb + om(r) sin mo]

B. Lee Roberts, Cornell University, 5 November 2010 - p. 34/70




(B)y for 2001 averaged over azimuth

0.5 ppm contours
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Osyst ON <B>u—distribution = 10.03 ppm
BOSTON
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The Kick

Inflector
——

Xe =77 mm
B=10 mrad
B:dl=0.1 Tm

B. Lee Roberts, Cornell University, 5 November 2010



The Kicker Modulator

High ‘ol toge

Faadthr ough Lopachar Risletor /—Thr'r-:'l:rm Tube
T, ===
o ':' m - o

Tranefarner
Hauehng

B. Lee Roberts, Cornell University, 5 November 2010
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The Kicker Modulator

i S

-

B. Lee Roberts, Cornell University, 5 November 2010




Kicker Plate Geometry

[ ] SRS v.g;.v SSSSSS e SANAVANAN
I

7,44”}:, “" a ‘ "" " | ‘,

* \-- 9

N ?// 7275
HHN HHNY Hi
‘ ﬁ\““--‘l “““““““““l“‘

electrodes

Egggngg B. Lee Roberts, Cornell University, 5 November 2010




Kicker Plate Geometry

10.0
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8.0

7.0

UNITS
Length Tom
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Source density : &m”®
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Iy |
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40
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1.0
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albporaald. ir
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The Kicker Current Pulse

o

eddy currents less than 0.1
ppm on B-dl after 20 us

Kicker Current (KA)
=) [~

200 400 600 800 1000
time (ns)

e
©
Q2
i
|
m

,WOO \\\i\\\i\\\i\\\i\\\i\\\i\\\i\\\i\\\i\\\

-80 —-60 —-40 =20 0 20 40 60 80 100 120
Time Lus]

Time [us]

ee Roberts, Cornell University, 5 November 2010




The Electrostatic Quadrupoles: x4 * polarity

!:Iili !II,IE! I - T ;.';"'-'_ - . " "_;I_ "_. 1 i:||!,]|i:|:.-r||i|-!i|||i||lljl
L 4 Rl T G G

~ + 24 kV at full power, 17 kV for beam scraping after injection

Eﬁf&gﬁ B. Lee Roberts, Cornell University, 5 November 2010




The Ring Layout

S RN

tor

N inﬂic
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B. Lee Roberts, Cornell University, 5 November 2010




Scraping the Beam

Forth Quad. Top and Left plate at 0.7Vo
IR . \/ = i 24 kV
P | - v - 17kV
Beam is lifted

and moved
sideways

Scraped on
collimators to
minimize losses

Eﬁf£§ B. Lee Roberts, Cornell University, 5 November 2010



Ring /-Function

z(s) = Av/Bc cos(y + 9)
P(s) = VKs

—~~
0
—
&1
(&)
=
~
Q.

| Bmaz — -

150 200 250 300 350 /B ° — L L U u
¢ (degrees) M1

for 4-fold symmetry
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B. Lee Roberts, Cornell University, 5 November 2010




Weak Focusing Betatron

Field index: n = %0 ~ 0.135
fy = fovn ~ 0.37 fc;

Detector acceptance depends on the radial
coordinate x. The beam moves coherently
radially relative to a detector with the “Coherent
Betatron Frequency” (CBO)

fceo=fc—fe =0 —-V1—-n)fc

BOSTON

B. Lee Roberts, Cornell University, 5 November 2010 - p. 46/70



Coherent Betatron Frequency

l<— Ac—= (cyclotron)

l<— Ay ——=1 (radial)
X

A

| 4mp

0 W

a detector

fceo=fc—fa =1 —-+V1-n)fc
Aopo =~ 14 turns

CBO amplitude modulates the signal in the detectors.

Egggngg B. Lee Roberts, Cornell University, 5 November 2010




Tune Plane

0.30

0.25 ! Y
080 0.85 1.00 %

Egggngg B. Lee Roberts, Cornell University, 5 November 2010




Muon Decay

p-decay: parity violating ;= — e Ve Uy

BOSTON

UNIVERSITY

The Muon Rest Frame

+ momentum

Highest energy ¢ are along muon spin

The positron carries the muon spin

B. Lee Roberts, Cornell University, 5 November 2010



er from 1 > ex vv are detected

Sci-Fi Calorimeiter
module

Measures Energy
and time

L
¥6300 ns
1 | 1 1 1 1

LI

spin forward, more
high energy e
spin backward, less

high energy e 400 MHz digitizer Count number of e with
gives t, E E_21.8 GeV

BOSTON B. Lee Roberts, Cornell University, 5 November 2010
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4 x 10° e~

E,_ >1.8 GeV

f(t) = Noe~M[1 4+ Acoswgt + ¢)]

electron time spectrum (2001)
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In the 1999 Data Set: A Surprise

Nature gives us 5 parameters:
f(t) = Noe=*[1 + Acos(wat + ¢)]

Storage ring plus bunched beam gives us more:

Fourier Transform of
the residuals from a
5-parameter fit
(from 1 detector).

CBO

(D)

o)
S
<

G

c
‘@

O

Double CBO
Vertical waist

BOSTON

UNIVERSITY




Frequencies in the (g-2) Ring

Quantity

Expression

Frequency

Period

a,B

27rmc

0.23 MHz

4.37 us

v
27 Rg

6.7 MHz

149 ns

\/1 i nfc
Vil

6.23 MHz
2.48 MHz

160 ns
402 ns

fcBo
fvw

fc i f:}:
fc B 2fy

0.477 MHz
1.74 MHz

2.10 us
0.574 ;s

BOSTON

B. Lee Roberts, Cornell Univers

ity, 5 November 2010
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Fiber Beam Monitors

Ucalibrate

X monitor

y monitor

B. Lee Roberts, Cornell University, 5 November 2010




Measuring the Tune from a single fiber

X fiber

. .V\'.H J.JUWWWW\MWMMWMN |

2000 3000 4000 5000 6000 7000 8000 9000
y fiber

Harp 1 (Horizontal), Fiber 4
M\NHNM 1l VMA

O 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 u 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
2000 3000 4000 5000 6000 7000 8000 9000

Harp 2 (Vertical), Fiber 4

B. Lee Roberts, Cornell University, 5 November 2010
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The Tune During Scraping

Beam Centroid Position (cm)

cbo - fiber harps

/ \

—— No Scraping, fB =472 kHz

-8- 7 kV Scraping, fB =416 kHz

FFT — fiber harps

Muon Fast Rotation Frequency —

single horizontal fiber

Proton Fast Rotation Frequency

BOSTON
UNIVERSITY

1000 2000 3000 4000 5000 6000 7000

The tune change with scraping is clearly visible

from the fiber harps

B. Lee Roberts, Cornell University, 5 November 2010




CBO in the 2001 Data Set

f(t) = Noe M[1 + A cos(wat + ¢)]

Residuals from fitting the 5-parameter function

-
f-9
T

L 2 F :
2 r Q 2 160 ! Q
= L ol bral = - ' m ‘
= 120— o O £ L o ! O hlgh—n
< I L= low—-n <10 L
8l ; R el
£ 100" 5120 :
e Lo
80— 100— . 2
- - o2
LW
- +
O
(nd}
O

o 8 8 8 8
; f
2fcro

o 0.2 0.4 0.6 o8 1 2 1.4
Frequency [MHz]

B. Lee Roberts, Cornell University, 5 November 2010 - p. 57/70



Beam Debunching after Injection
e Time Spectrum: t=6 us

Ring momentum
acceptance

= +0.5%

B. Lee Roberts, Cornell University, 5 November 2010




What do we expect for distribution of equilibrium
radii?

phase space

* it injection

7 injection: pions injected
into the ring and the p—m
.. . decay kicks the muons on
“_ = orbit. (~60 ppm efficiency)

u injection

muon injection

Equilibrium orbit distribution



Distribution of Equilibrium Radii

g 12 T T T TTT T T - 1
c 1 <R>=711.436 cm, RMS Width = 0.955 ®
‘0 > B
.. i o o ] F1<R>=711.460 cm , RMS Width = 0.999 ++++++-
- minjection L pinjection _
) il
08 - P
i P A
| ," 3‘\ 08 F ." : “ .
L f'b ;I\_ E ".
n r'/. d\ :: z '-'
V.o I 4 ! 'UE 2 C
10 l\ r 0@ %
p \ 06 ] ViR ’, =
1] X [
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I 4 \ 04r H n E = . )
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o \‘\ 1 : .
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2001 p-injection run ® Debunching

1997 n-injection run @ Modified FT model

Phase «==aa modified
space FT
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B. Lee Roberts, Cornell University, 5 November 2010 - p. 60/70



E989: Systematic Error Goal

Systematic uncertainty (ppm)

Magnetic field - o,

Anomalous precession — o,

B. Lee Roberts, Cornell University, 5 November 2010



Systematic errors on w, (ppm)

o 1999 | 2000 2001 [P989

systematic

Pile-up 0.13 |0.13 0.08
AGS Background {0.10 |0.10 *
Lost Muons 0.10 |0.10 0.09
Timing Shifts 0.10 |[0.02 0.02
E-Field, Pitch 0.08 |[0.03 *
Fitting/Binning 0.07 |0.06 *
CBO 0.05 |0.21

Beam
Debunching

Gain Change 0.02 |0.13 0.02 ——— 900m
total 0.3 0.31 0.11 _ beamline

0.04 |0.04

2*=0.11
BOSTON

UNIVERSITY B. Lee Roberts, Cornell University, 5 November 2010




Outstanding Beam Issues

* The Kicker: can it be improved?

— What's the real injection efficiency in E821
and can it be simulated?

* Elimination of the CBO

BOSTON

UNIVERSITY

B. Lee Roberts, Cornell University, 5 November 2010



We have developed a new simulation tool to guide our
improvements. It includes all major subsystems

BOSTON

UNIVERSITY

Vacuum vessel
Inflector
Kickers

Quadrupoles
Collimators

B. Lee Roberts, Cornell University, 5 November 2010




Example: Collective beam motion for stored muons is reproduced

Horizontal beam motion Vertical beam motion

i

position [mm]
do
position [mm]

=9
2

{

1 1 | 11 1 1 | 11 11 | 1 11 1 | 1 11 1 | 1 11 1 | 11 1 1 | 11 1 | 11 1 1 | 11 11 | 1 1 11 | 11 1 1 | 11 1 1 | 11 1 1 | 11
7000 7500 8000 8500 9000 9500 10000 7000 7500 8000 8500 9000 9500 10000
time [ns] time [ns]

The predicted horizontal and vertical betatron
oscillation frequencies match measured values
from E821 at the percent level.

B. Lee Roberts, Cornell University, 5 November 2010




We can simulate modified kicker pulse shapes to predict storage

% stored

iImprovements

Storage Efficiency with One Turn Sguare Kick

10

Upstream Source, Closed Ends
Upstream Source, Open Ends
o [Qownstream, Diverging Beam
Dowrdgtream, P-r=al'-" _Can

O

Ideal Square Kick

Kicker Magnetic Field Pulse

E
*

auss]

+
+
2
lg
S
(=]

BOSTON
UNIVERSITY

4]
=]

200 220 240
Field Strength [gauss]

[olu}
L
L

Field 3trength

Kicker Pulse =+
Transit Regions
Muon Bunch Width

B. Lee Roberts, Cornell Uni%¥e

400

Time [ns]
v,




in the NIM paper we said: but ...

100% = 87, 93, 92 kV

++H’+H+++
+ 4,

Capture Efficiency
.
_+_

0]
I.E_( 350 7Y 949 run
&) ] W 00 run

330 L

210

[ |
290
270

250

2% CTAGS 85 QIDKickerHW%}Q% 100
1 % HV

slope =

we never saw it turn over...

B. Lee Roberts, Cornell University, 5 November 2010 - p. 67/70



Relative Amplitude of the CBO effect if not
accounted for

=

A, [arb. units]
o
(00]

o
o))

| | | | | | | | | | | .: | | | | | | | | | | | |
%00 420 440 460 480 500

CBO Frequency [kHz]

| ]1999 | 2000 |2001 |E969

CBO Oyygioma |00 [021 007 |00d
0.07

B. Lee Roberts, Cornell University, 5 November 2010




Lost Muons and CBO are Major Issues

 Two schemes proposed to eliminate CBO and

BOSTON

UNIVERSITY

losses

— Drive CBO with an oscillating dipole to
scrape, then slip the phase by m and damp it
« Suggested by Yuri Orlov

— Pulsed Octupole for 30 turns
« Suggested by Yuri Shatunov

B. Lee Roberts, Cornell University, 5 November 2010



Oscillating Dipole Solution

* Use Fiber Harps to
measure phase of

Sample Parameters

L=0.5m

N = 20 turns
E.,=7.4 kV/cm
f=470 kHz

Egggngg B. Lee Roberts, Cornell University, 5 November 2010




CBO cure: betatron phases mixing by

nonlinear fields 2-meter

long caoill!

AB,  +IiAB = BOZ (bn +ia, )(x + z'y)n
ﬂ B. :()(.5')()/3 —3x2y)

octupole :(n =3) |

B(7%, )= 3(p%%0),

B = O(S)(x3 —3y2x)

¥

Y. Shatunov, SPIN0O4

B. Lee Roberts, Cornell University, 5 November 2010




Octupole coil
and parameters of generator

25kA

N \ 1V

- _: 1.25/ | Injection
\I
10 '

Coil length 162 m
Current 2.5
Capacitor 1
Voltage =3
Energy 1.0

Half period 10 usec

Y. Shatunov, SPIN0O4

BOSTON
B. Lee Roberts, Cornell University, 5 November 2010




_[0se o 2 A G v 22 A+
P gradient (Gauss/cm?3)
0.04, 900
VR 0.15
SepEt Ry CBO damping
0.02 ..“.
0 0l )
""-__ e NS
b ! .  turns
20 a0 a0 an 100
oo N, gradient (G/cm?
0000 :
0.00
- 0.15 .
ST Muon population
e . 0385
6000 -...
"
4000} ""’\___
2000}
, furns

20 40 60 80 100 ity, 5 November 2010



Challenges with Octupole

« Eddy currents affecting B,?

— We can only tolerate effects on B -d{ at the
< 0.03 ppm level

 Too many muons lost?

BOSTON

UNIVERSITY

B. Lee Roberts, Cornell University, 5 November 2010



Summary

 E821 at BNL achieved 0.54 ppm relative
accuracy on a,

— 0.46 ppm statistical
— 0.28 ppm systematic

« This represents a factor of 14 over the CERN
experiment

Egggngg B. Lee Roberts, Cornell University, 5 November 2010




Summary

E821 at BNL achieved 0.54 ppm relative accuracy
— 0.46 ppm statistical
— 0.28 ppm systematic

This represents a factor of 14 over the CERN
experiment

Aims to achieve an additional factor of 4
—from 0.54 ppm — 0.14 ppm

Will more than double the physics reach when
confronting theory

Many kind words, no $ yet.
—Please come join us!

B. Lee Roberts, Cornell University, 5 November 2010
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Traceback: &t Injection vs. u Injection

Mean = 711.6

~ mean:280.0003 +
RMS = 1975

0 gigma:1 0761

300— +

250 — Hﬁ ﬁ

200—

% HW o My

1°°§_ It m injection Hﬂﬂ u injection
b )

50

708 710 712 714 716
Radial decay position [cm

| S Y NI NN (U N N
218 2785 2719 2795 280 2805 281 2815 28

Radial distribution from traceback: Radial distribution from traceback:

Denninger Thesis 1997 n-injection run Sossong Thesis 1999 isinisction run

B. Lee Roberts, Cornell University, 5 November 2010 - p. 78/70



The Kick

Beam exiting the
<«  inflector

X

Egggngg B. Lee Roberts, Cornell University, 5 November 2010




Injection Simulation

&

X

ring acceptance

\

Egggngg B. Lee Roberts, Cornell University, 5 November 2010




ring acceptance

~

BOSTON
UNIVERSITY B. Lee Roberts, Cornell University, 5 November 2010




ring acceptance

BOSTON
UNIVERSITY B. Lee Roberts, Cornell University, 5 November 2010




ring acceptance

BOSTON
UNIVERSITY

B. Lee Roberts, Cornell University, 5 November 2010




a(had) from hadronic t decay?

T yie
Y Y i\ W~
uwvé h =
W-—
h +

yi gy
Assume: CVC, no 2"9-class currents, isospin breaking corrections.
n.b. r decay has no isoscalar piece, while e*e- does
Many inconsistencies in comparison of e*e- and

T decay:

- Using e*e- data and CVC to predict rbranching ratio gives
2.1 to 3.6 odiscrepancies with reality.

- F__from rdecay has different shape from e*e-.

0

In summary, there are unanswered questions from
the rdata.

Egggngg B. Lee Roberts, Cornell University, 5 November 2010 - p. 84/70
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Where we came from:

Theory
116 592 000

QO
=

116 590 000
116 591 000
116 593 000
116 594 000

B. Lee Roberts, Cornell University, 5 November 2010

116 595 000




Today with e*e" based theory:

All E821 » (9.4ppm) CERN W'

results were (13“” 'Tm] ) EBHT:??NE _
: ppm . h
obtained (5 ppm) E821(98) 1T
with a “blind E1-3 ppmfjl Es21 (99) |
. 0.7 ppm ES821 (00) L
anaIySlS. (0.7 ppm) E821 (01) H

¢ *

116 594 000

~ 3.60
difference wit
etTe= SM vall

e*e theory

116 2592 000

£

-
116 595 000F
X 10”1

116 2590 000-
116 2393 000+

116291 000-

- -~ EOD e (D N\ — 1 1 // N 4 nnrm \
ay, = 116592089(63) x 10 (0.54 ppm)
UNIVERSITY B. Lee Roberts, Cornell University, 5 November 2010 - p. 86/70
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Magnetic Circuits

P iron yoke

Mair = 1
pole piece 6

- /high quality H stecl
. field region
L)~

~10

pole piece
™~ void in yoke

= NI PR=MMF

Ohm'’s law

UNIVERSITY B. Lee Roberts, Cornell University, 5 November 2010




Schematic of the Magnet

therma]
_neusior R

dipole correction coil

pole piece

ole -~ oo
fixed
Eump \ NMR

/'f)rnbes

current sheet

]
g-2 Magnet in Cross Section
P=7112 mm
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Winding the Coills

Eﬁf&gﬁ B. Lee Roberts, Cornell University, 5 November 2010




The Finished Coils

.....

i

BOSTON
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Coill Interconnect

BOSTON
UNIVERSITY

B. Lee Roberts, Cornell University, 5 November 2010
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