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* Introduction to R-matrix theory, EDA code

e Status of N-N (n-p) scattering analysis up to 30 MeV
 Summary of N-N data available at higher energies

e Current status of n+1%0 (170 system) analysis

* Example of unitary constraints on cross sections

* More recent work on 'O

* Plans for future work on NN, O systems

 Some thoughts on small parameter uncertainties
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Schematic of R-matrix Theory e

INTERIOR (Many-Body) REGION ASYMPTOTIC REGION
(Microscopic Calculations) (S-matrix, phase shifts, etc.)
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Some properties of EDA: /%

Energy Dependent Analysis Code

Romatrix: Data-related
’ parameters: ‘ .
> Yot R  Accommodates general (spins,
R¢e=Y nonnahzat;ons
x Bn-E energy shifts masses, charges) two-body channels
¢ calculate * Uses relativistic kinematics and R-
e m— matrix formulation
e Calculates general scattering
¢ form
observables for 2 =»2 processes
Scattering observables .
using Wolfenstein trace * Has rather general data-handling
formalism. e
capabilities (but not as general as,
ﬁompare x? e.g., SAM MY)
Experimental data for * Uses modified variable-metric
all reactions . .
algorithm that gives parameter
Adjust parameters . .
i for minimum 2 covariances at a solution
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Charge-Independent AnalysLisgamgNia’m e
N-N Scattering up to 30 MeV

p+p 3.26 3

n+p 3.26 3

y+d 40 1
p(p,p)p 692 815 o(6),A/lp), C,x C, KXX,KVV,KX
p(n,n)p 4378 3232 oy, 0(0),A/(n), C, ., K

p(n,y)d 80 133 0y, 0(60), A(n)
d(y,n)p 59 35 O, 0(0), Z(y), Py(n)
Norms. 129 72

Total 5338 4287 19

# free parameters = 44+129 = »/degree of freedom = 0.830
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Los Alamos National Laboratory 75‘,
n-p Scattering Lengths

From the analysis,

a, =-23.719(5) fm, a, = 5.414(1) fm,

giving

a.=(3a,+a,)/4=-1.8693 fm,

Oy0 = (0,%-04%)/4=-1.3332 b,

o, = m(3a,°+a,%) = 20.437 b.

The first two agree exactly with experimental values, while
the last one agrees with the measurement of Houk, (20.436
+ 0.023) b, but not with that of Dilg, (20.491 + 0.014) b.

The spin-dependent scattering lengths from AV, are
a,=-23.732fm, a,=5.419 fm,
in good agreement with those from the analysis.
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n-p Total Cross Sections
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Covariances for n-p Scattering
Cross Sections

n-p Cross Section Uncertainty
1.2 T T T T I T T T T | T T T T | T T T T

uncertainty (%)
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N-N Data Available at Higher Energies

0< E <30 MeV
0(0) Pnooo Dnono Konno Aoonn  Aooss Aookk  Aoosk Cemoo  Dsioso Diroso Kosso Dsioko Drroko Kos'ko

0(0) P D DT Ayy Azz Azz Azz CKP R RP RT A AP AT
pp| 363 70 8 0 7 4 0 0 0 8 0 0 5 0 0
np| 243 231 0 3 31 0 0 0 0 0 0 0 0 0 0

30 MeV < E < 150 MeV
0(8) Pnooo Dnono Konno  Aoonn  Aooss  Aookk  Aoosk Cemoo Dsioso Diroso Kosrso Dsioko Drroko Kos ko

0(6) P D Dr Ayy Axac Azz Azx Ckp R Rp Rr A Ap Ar
pp| 331 257 24 0 8 3 0 0 I 24 14 0 21 0 0
np| 629 313 0 6 28 0 20 0 0 5 0 0 5 0 3

150 MeV < E < 250 MeV
0(8) Pnooo Dnono Konno  Aoonn  Aooss  Aookk  Aoosk Cemoo Dsioso Diroso Kosrso Dsioko Drroko Kosko

0'(9) P D Dr Ayy Agzs A, ALz Ckp R Rp Ry A Ap At
PP 60 203 28 8 96 96 39 96 0 23 11 0 20 5 0
np| 456 164 5 13 39 0 2 0 0 0 0 7 0 0 7
Measured | Unp. beam/Unp. target Pol. beam/Unp. target Unp. beam/Pol. target Pol. beam /Pol. target
Differential cross section To000 Aoooo Aoook Aooik
Scatt. pOl‘ PpOOO DpOiO KpOOk MpOik
Recoil pOl. P()qoo KOin DOqu NOqik:
Pol. correlations Chpq00 Chpqio Cpqok Chpqik
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R-Matrix Analysis of Reactions in the 7@
170 System

m-

n+160

a+13C

Reaction Energies |# data Data types
(MeV) points
60Q(n,n)*O E, =0-7 2718 or, 0(0), P,(0)
60(n,a)’3C E,=2.35-5 850 oy, 0(0), A(0)

13C(a,n)*O E,=0-54 874 Oint
13C(o,a)3C E,=2-57 1296 o(0)
total 5738 8
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Comparisons with Exptl. Data
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Comparisons with Exptl. Data, Cont. (®
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Comparisons with Exptl. Data, Cont. =

HC(a,n)'GO Cross Section
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Comparisons with ENDF/B VII.1

n+'%0 Total Cross Section
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&
Cross Sections Calculated from a Unitary Theory -~

10~
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1 7 Los Alamos National Laboratory 7@
Recent EDA Work on 'O System ‘

* Okhubo o; data, corrected for *H content
(by Plompen, Kopecky), replaced original
s 0:(0)=3.8b

* Calculated o; allowed to over-shoot data in
many peaks using csqmax=10
w==) calculated o reduced ~15%

This suggests that resolution corrections
are important to consider in the connection
of unitarity to experimental normalizations

FVIVSA
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Plans for Future LANL Work on N-N, 170 /®
Systems

* Add new data to N-N analysis (including n-p capture and d-photo-
disintegration data), increasing the energy range by ~ 50 MeV steps,

until we have reached at least 200 MeV. Target date for completion
is October 2014.

* Continue 170 analysis with all charged-particle data presently included,
and neutron data as suggested/corrected by the CIELO working sub-
group. Examine carefully the effects of unitarity and experimental
resolution on the normalizations of the experimental data sets

included in the analysis. Target date for completing this analysis is
March 2014.

FVIVSA
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Uncertainties from Chi-Squared g
Minimization

(R, AR, = relative measurement, uncertainty

nX.(p)-R
XéDA =E[ AP;?

i i

2 lnS_ | r S, AS = experimental scale, uncertainty
+ 1

AS/S

X,(p) = observable calc. from res. pars. p

n = normalization parameter

Near a minimum of the chi-squared function at p = p,,

Xg = Xz(po)

2, =V, 0’ (P)|op, =0
xGO - Vpg(p)‘l’ﬂ’o

XM =x+P-py) g ++(P-p,) G,(P-p,)
=X +Ax".

S\

Ax* =1(p-p,) G,(p-p,)=LAp'G,Ap

is a chi-square distribution function with k degrees of freedom.
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Parameter Covariance Matrix ‘

A multivariate normal distribution function of the form

G
J.(Ap) = ‘—O‘k exp(-+Ap'G,Ap)
(4)
would have the parameter covariance matrix
C, = <ApApT> =2G;' =2H,

and therefore parameter uncertainties 0, =/2H;.
These uncertainties can become much less than 1%
for problems with large experimental data sets, and
lead to unrealistically small propagated errors in the
calculated cross sections.

aVIISA
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Los Alamos National Laboratory 75‘,
Parameter Confidence Intervals

It was proposed by Y. Avni [Ap. J. 210, 642 (1976)] to define confidence intervals
for the parameters of a fit by the condition

sz = %APTGOAP = AXliax’

where Ay_ s chosen to give a particular confidence level (CL)

O Mo
P(Ax* [k) = [22 F(%)] f t*edt =CL (e.g. ~ 0.68 for 1-0), 0.95 for 2-0, etc.
0
for a chi-squared distribution with k degrees of freedom. Many statistical analy-
sis (not necessarily physical science) applications use this method to determine
parameter uncertainties (usually with CL = 95%, or 2-0). For CL = 68% (1-0),
Ax:. ~k= <AX2>, and the fitting program NonlinearModelFit in Mathematica

gives parameter confidence levels nearly the same as the standard errors, Op,
when k is small. How does this look for larger k? Should we be using confidence
intervals instead of standard deviations? We will continue to study this question.
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