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The Nucleon-Nucleon Interaction

Known Features:
Approximately central
Repulstve core
Tensor components

Spin-dependence

“Realistic” potential models 1 S,

— Phenomenological
— Pion exchange

— Free parameters

Examples include AV18 and
CD-Bonn

ChPT offers the possibility of

systematically deriving
potentials

Example of fit to data: AV18

Curves:
Theory
Points: Exp.
PSA

http:/ /www.phy.anl.gov/theory/research/av18/1s0.ps




The Ay Puzzle

Accurate calculations for scattering

up to 4N system . p+3Heat

2.25 MeV
Need 3-nucleon force (3NF) to

reproduce He, triton, and alpha
binding energies.

do/dw (mb/str)

3NF: Interaction between 2 nucleons
affected by presence of third.

— Ex: Urbana-IX

Fisher H—e—i

Most N+d scattering observables ok.

3N and 4N nucleon analyzing power
underpredicted.

0 20 40 60 80 100 120 140 160 180
0cm (Deg.)
Sensitive to P-waves

5
B. M. Fisher et al., Phys. Rev. C 74, 034001 (2000).




4N System: “Theoretical Laboratory”

* Important testing ground for modern nuclear potential models
* 4N system more interesting than 3N

— Stronger binding 4N System

— More complicated

— Discrete levels

—T=3/2 contribution
to 3N interaction




Motivation for New Measurements

Previous results at 3 MeV

o —

Experimental phase-shifts needed
to compare with theory

Wisconsin analysis led to two
solutions

Difference between solutions
largest for spin-correlation
coefficients below 4 MeV

Underrepresented in dataset

Project: Measure A, and A and

extract unique phase-shifts _ 60 %0 120 150 180

E. A. George and L. D. Knutson, Phys. Rev. C 67, 027001 (2003).
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Experiment used several
laboratory components:

Polarized ion source
* 2UA
*60% pol.

Helium source

Tandem accelerator

TUNL Laboratory

Triangle Universities Nuclear Laboratory

Polarized target




Polarized 3He Target “Overview”

Katabuchi, et al., Rev. Sci. Instrum. 76, 033503 (2005)

Polarizer

Fill tube




Sine-Theta Coil

Polarized gas requires

magnetic holding tfield

Need field uniformity of 1 in
10°/cm

Current proportional to sinf
“Spin-flip” by reversing tield
LabVIEW controls

U -metal shield
: Copper

Windows for
emerging particles

Outward ®

| /\\ Inward b

Mu-Metal Tube —'




Target Cell

* Polarized container needs
friendly materials:
— Pyrex glass cell
— Kapton windows

— Non-magnetic materials!

e NMR coil attached to cell

* Spin relaxation time
1~3 hours

* Cell pressure ~1 atm




uolezie|od




Target NMR Calibration

* Pulsed NMR must be calibrated by absolute measurement

» We used *He(o,a)He at E_=15.3 MeV and 0,, = 45°

. . . 2/ ndf 16.44 /15
e Hito f p OlﬂI'lZ ation PO 0.0006218 - 8.243¢—06

vs NMR yields the

calibration factor

160 180 200 220
NMR Signal/Pressure (mV/atm)




P

'

400 600
Energy (arbitrary units)

* Spin-Correlation Coefficients between 2 and 6 MeV
* Polarized beam and target
* Left/Right pairs of Si detectors

* Beam current integration by Faraday cup

° Beam Splﬁ ﬂlpped at 1 or 10 HZ } Eneray (arbitrary units)

* Spectra generally free of background

* Electronic data sorting by beam and target spin-state




Steering Effect

Left Detector

Non-zero asymmetries for A,

with unpolarized target
No effect for A, or A

Associated with sin-theta coil Scattered /,

B ﬁeld p roto n S Right Detector )
%2/ ndf 13.99/15

Smaﬂ (010) aﬁgle magﬁetic - PO 0.006578 + 0.004913

p1 0.02508 = 0.03677

steering of proton

— Cross-section angle-dependent

Measured effect subtracted
from data

Scattering Asymmetry

— Unpolarized target

T
0.14
Target Polarization

— Extrapolation of polarized data
to zero




Global phase-shift analysis

Observables expressed as Modified effective range expansion for

functions of phase—shifts phase shifts and mixing parameters
according to the Blatt-

1 1,,
Biedenharn convention kcoto= _a T 2k ot

Phase-shift energy dependence 2141 - 2nH @) is 7 2
parameterized by modified Clnk™"|cots,+ Cn) | &4 k
effective range expansion e
SEE tane(j")=Sa’k*

[

Parameters used: 'S, S, 'P,,
P, °P,, °P,, 'D,, 3Dj, 3Fj, e(1™m),
e(1), e2) * Wisconsin group’s chisq search
routine used to find best-fit
solution to 1000-point global
database

M. T. Alley and L. D. Knutson, Phys. Rev. C 48, 1901 (1993).

3 effective range parameters for

each — 30 total parameters
17
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Results: Observables

Example at 3.13 MeV
* Distributions at 2.25, 2.7, 3.13,
4.00, and 5.54 MeV

* Lowest-energy spin-correlation

data for p —I_ 3' Ie ’ 0 20 40 60 80 100 120 140 160 180 o 0 20 40 60 80 100 120 140 160 180

Ocm (Deg.) Oem (Deg.)

* Observables fit well by phase-

shift analysis o N4 Distributions vs. 0,__

* Agreement with available previous
data U0 20 40 60 ef:(D;gj 120 140 160 180

T. V. Danzels ¢# al., Phys. Rev. C 82, 034002 (2010)




Results: Phase-shifts

Parameter X 2

- Wisconsin

| result: 2 minima

—~0.14 : -0.12 : -0.10 .—0.08 .—0.06
b

0

| Our result: single
- minimum!

180 Vs energy

| |
Global
Georgel
George2 ------- .

Proton Energy (MeV)

The addition of new data removes
ambiguity and establishes unique solution!

20



Comparison to Theory (NN):

° (44 2 S . .
Benchmark™ calculations Cross-section and analyzing powers

using 3 different methods (HH, 225 Mev 405 Mev 554 Mev
A G S’ FY) | : l\ L"o, : 54 l\ : l\:::z\:r:.hlsﬁl')(-t * McDonald 1964

e Potentials considered include S = \ / i
AV18 and I-N3LO (ChPT) -

120

* Fisher 2006
@ Cieorge 2001

e Cross-sections well-described

* Analyzing powers
underpredicted (A, Puzzle) T s

¢ Daniels 2010 '

* Spin correlation coeftficients
somewhat underpredicted at

forward angle, less sensitive to M. Viviani ¢f al., Phys. Rev. C 84, 054010 (2011)

choice of potential. o




Comparison to Theory (NN):

e “Benchmark” calculations _ _ -
: . Spin-correlation coefficients
using 3 different methods (HH,

2.25MeV 4.05MeV 5.54 MeV

AGS, FY) - Da ® Danicls 2010

* Potentials considered include Pl = Sad | NG

AV18 and I-N3L.O (ChPT)

. . 150 0 30 60 90 120
e Cross-sections well-described

® Daniels 2010
o Alley 1993

* Analyzing powers

underpredicted (A, Puzzle)

o Spln Correlatlon Coefﬁclents ha 30 60 90 120 150 0 30 60 90 120 ISOV 0 30 68. 9?(1950 5

somewhat underpredicted at
forward angle, less sensitive to

. . M. Viviani ¢ a/, Phys. Rev. C 84, 054010 (2011)
choice of potential.
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Comparison to Theory (NN+3NF)

Cross-section and A,

400 T ‘l T { T | T | T | T U] | T l T l T [ T | T Y] [ T l T l T l T
E,=2.25 MeV | EaMev E,=5.54 MeV

‘ .
r | ®  Famularo 1954 ‘l ®  McDonald 1964 !
° S ] 1 8_|_ I RI X d I_ _\ 3 I O_'_I_ L | | o Fisher2006 - O Fisher2006 | _|_
an 300 & |-- 130 ‘ -
- — LN3LON-N2LO |

N2LO (ChPT) potentials solved o | LA
with HH method : /

* AV18+URIX still substantially or
underpredicts A ;. Also oL T NI N

. } 0 30 60 90 120 150 0 30 60 90 120 150 0 30 60 90 120 150 180
underpredicts 0, A, and A__at Fory (050 Fuma (50 o S0

yy?

] o L L B L L L
forward angleS. E =225 MeV L E =4 MeV 1 E =554 MeV

O‘S_W [ o Fisher 2006 o Alley 1993 il 7]
.I‘N3LO +I_N2LO 1mprOV€S 04 — Eg%g%i\;mm — & —+ ' o
agreement for all observables, oal- L] 1
especially AyO! ol R\

0ol o _ -,//; \\ __ p

I.[‘\‘I.I>.|v|.l.l.|",ﬁ/|‘l.l.l‘l\.

M. VlVlanl A d/., EP] Web ojf C07?f€7”€7ﬂ‘€f 3, 05077 (2070) 00 L30 60 90 120 150I 0 30 60 90 120 150 O 30I60 90 120 150 18C

B.cm; [deg] 8,cm,; [deg] 8o m; [deg]



Comparison to Theory (NN+3NF)

* AV18+URIX and I-N3L.O+1-
N2LO (ChPT) potentials solved
with HH method

* AV18+URIX still substantially
underpredicts A ;. Also

underpredicts O, AW, and A__at

forward angles.

*[-N3LO+I-N2LO improves

agreement for all observables,
especially AyO!

M. Viviani ez al., EP] Web of Conferences 3, 05011 (2010)




Comparison to Theory (NN+3NF):
Phase-shifts

* S-Waves: Slightly overpredicted by S-waves (L=0)
NN models, well-reproduced with . »
3NF

* P-Waves: AV18+URIX
underpredicts 3P2 and 3P1, well
reproduced by I-N3LO+N-N2LO

=
b
-
poy
7
¥
?

* Mixing parameters: large
experimental uncertainties, but I- 1
04

N3LO+N-N2LO preferred e e ey 0
* [-N3LO+N-N2LO generally in

good agreement with experimental

phase-shifts
M. Viviani e al., EP] Web of Conferences 3, 05011 (2010)




Comparison to Theory (NN+3NF):

Phase—shltS

sinplie-coerey

* S-Waves: Slightly overpredicted by
NN models, well-reproduced with
3NF

* P-Waves: AV18+URIX
underpredicts 3P2 and 3P1, well
reproduced by I-N3LO+N-N2LO

shase shill |dey )
I S

phase-shift [deg)

* Mixing parameters: large
experimental uncertainties, but I-

N3LO+N-N2LO preferred
* [-2N3LO+N-N2LO generally in

shase shall |deg )
| 2

phase-shift [deg)

good agreement with experimental

phase-shifts




Comparison to Theory (NN+3NF):
Phase-shifts

* S-Waves: Slightly overpredicted by

NN models, well-reproduced with Mixing Parameters

SNF

* P-Waves: AV18+URIX
underpredicts 3P2 and 3P1, well
reproduced by I-N3LO+N-N2LO

* Mixing parameters: large
experimental uncertainties, but I-

N3LO+N-N2LO preferred
* [-2N3LO+N-N2LO generally in

good agreement with experimental

phase-shifts
M. Viviani e al., EP] Web of Conferences 3, 05011 (2010)




Conclusions

A new SEOP polarized “He target was used to measute spin-
correlation coefficients between 2 and 6 MeV

These new measurements have been used to resolve the

ambiguity in the global phase-shift analysis

Precise 4N theoretical calculations using a variety of potential
models available for comparison

Best agreement with ChPT-derived I-N3LO+I-N2LO (NN
+3NF) potential

This model, which is closer to the experimental Ay0> better-
reproduces the experimental partial waves, especially °P,, °P,, and

£ (1)
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