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* Overview

 Bloch-Green formalism
 Application to Li compound system
« Uncertainty quantification
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LANL light-element program

 All compound systems A<20 (and a few above)
« Recent work in 2020:

Projectile\ Target 'H ’H SH SHe ‘He °Li Li
n (2020 ) VIII.O VIILO VIILO  VIILO (2020 | VIIIL.0
p (2020] VIIL.O VIILO VIILO [2020] VIIL.0 VIIIL.0
d VIIL.O  VIILO VIII.0® VIIL.0 VIII.0
t VIII.0O  VIIL.O VIIIL.O TENDLO09
h(*He) VIII.O  VIILO VIIIL.O TENDL09
o VIII.00 TENDL09 TENDL09

"B (a+’Li, a+’Li", 8Be+t, n+19B); "'C (a+'Be, p+'°B)
12C (8Be+a., p+''B)
13C (n+12C, n+12C")

(
(
14C (n+13C)
(
(

15N (p+14C, n+14N, a+'1B)
160 (y+160, +12C)
170 (n+160’ OL+13C)
18Ne (p+17|:, p+17|:*’ OL+14O)
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= *Wigner PR72 29 1947
Bloch-Green formalism °La§e&Thomas RMP30 257 1953

Reaction theory *Bloch NP4 503 1957

« Solve Schrodinger given external solution (‘a’ chan. rad.)

H—EW =0, [H—E+%)0=%0, m:r—l[l—os] )
U =GLV G=[H-E+2]" zza—l(pa——B)
Y Y ap
1—0s=r(pZ —B)I-0s RZG‘ 9 =10
_ pap ) — 5/, pap _
S=0"'1+2ipO "'R,O"", Rp=|[1+R(B-1L)] 'R, pg—pl = LI —2ipO~"!
 External (Coulomb) wave function relations
O=1"=G+iF, 1=GF' - G'F,
0 GG + FF’ 1
L=p0O"'—0=8+iP S = , P =
P dp T P G2+ 2 ery
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Bloch-Green formalism

S-matrix unitarity

S=0"1+2ipO RO 1
St =011 —2ipI 'R 17!
S'S =14 2ipI 'R} [(R;1)! = R + 2ipl 07! | RLO™
R;'=R'+B-1L

1
L * * o —1 -1 .
B=B" — L—-L"=2ipl "0 OrP_pG2—|—F2
—1 Ye' X Ye
RC,C: ! H g_E —
42 5] o = 30 25

 Unitarity requires B real

* Energy independent level E, and reduced width y,
require B constant

 Unitarity is preserved for finite set {E,, y.\}
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Unitarity implications

= 8. ' : TJr =2
sz = (sz + 22,0f sz npn nt
Pn = 0(Ho — E,)

= Implications of unitarity constraint on transition matrix

1. Doesn’t uniquely determine Tj; highly restrictive, however
Elastic: Im 717 = —p1, £ < Es (assuming T & P invariance)
Multichannel: Im T = —p

2. Unitarity violating transformations
* Scaling single ampl: TG = @4; 15 a;; € R
- Phase x-form: T;; — €Ty 0;; € R
* consequence of linear ‘LHS’ o< quadratic ‘RHS’

3. Unitary parametrizations of data provide constraints that experiment may violate
* normalization, in particular

~ » Observable o« KF ’Tfi‘Q
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R-matrix evaluation for light nuclear systems

Nuclear Data Pipeline
EDA cross section evaluation

T T A N O N

! . Combination of single-
e Single exp_erlment experiment differential data e Determination of initial
observ_atlons (EXFOR/CSISRS) parameters (Ey, vy ) from Processing Testing_& Evaluation
| of ylleld , _| ® Compound-system data .| known/guessed resonance .| ® Continuous-energy (ACE) & .| ® Integral benchmark testing
® Unpolarized: o, 7, o () > deck . > structure (ENSDF, TUNL- > multigroup (NDI) formatted > (ICSBEP/IRPhEP/etc)
® Polarization: e.g.: Li="He(t, t)'He NDEP) cross section libraries (NJOY) o Other applications codes
Ay, Copr, KZ ,3(7), ... +4He(t, n)°Li+Li(n, n)°Li 20 Optimization of

\e.g. o(*He(t,n)%Li) / \LLE; |n—(|;|L1 de dat y \X = 2 expt's Xonpt / K / \ /

A

Optimize (currently via email )

» Cross section evaluation for light-elements

(A§20) INTERIOR (Many-Body) REGION ASYMPTOTIC REGION
(Microscopic Calculations) (S-matrix, phase shifts, etc.)
— Quantum mechanical R-matrix (Wigner) H+, |0t = L)+ 05

compact, hermitian
operator with real,
discrete spectrum;
eigenfunctions in

— Correlates all experimental data

simultaneously
. " )=(H+Ly- E)‘1.48|1p+) Measurements
* pol/unpol; neutrons/charged-particles
- Elastic/inel/transfer/reaction/break-up ;URFA(CEa )
. . Lp=)lo)d rr(,‘_B(‘9
 Upper energy-limit restricted (break-up) < 20 o '9(;( ) )
MeV <rclc)=—m ] [(¢5' ®9¢57), @Y/
R(,,C=(C’I(H+4’B—E)_llc)=§%
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EDA evaluation procedure

D
EDA R-matrix eg. E}(ths(cslﬁs |
Processes: elastic, inelastic,
evaluation transfer, break-up*,...
Unpolarized:
procedure oot (E), 0(E), do/dE, 6)

Polarized: Py, Ay, Cypar - ..

Y
f . \ Optimize
R-matrix X2 (p)
R _ ’Y/\,c”)/)\,c EDA
de = D) E—E,

P={Ex, "¢}

Rir

-y nyXiy, (P)—
T LMy AR

+ [ nay Sy —1 } 2
ASy /Su

M

Y
4 N\
T-matrix
T=-0'F+0'R,0!
R'=R'+B-L

- J/
\ 4 |VP X]2:1DA (p)| Z €
4 Observables h
ps = Tp;Tt N
X, (p) o (0f) = 22
& / VES

Solution/Postprocessing
1) Construct ENDF-6
formatted evaluated data file
2) Covariance data
3) Post-process break-up
spectra with SPECT code
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Summary of ’Li R-matrix Analysis

 Channel | | a (fm)
t+4He 5 4.0
n+6Li 3 5.0
d+5He 1 7.5
n+6Li" 1 5.0
p+6He 1 5.0
n+6Li™ 1 B85

Energy range Observables # data points x*/point

4He(tty*He E,= 3-17 MeV o(0), A,(0) 1689 1.03
4He(t,n)oLi E,= 8.75-14.4 MeV 5(0) 39 1.14
4He(t,n)oLi E,= 8.75-14.4 MeV (0) 3 0.42
6Li(n,t)*He E, = 0-8 MeV Gt » 5(0) 2840 1.44
6Li(n,No) eLi E, = 0-8 MeV Gint » o7, 5(0), P,(0) 1451 1.36
6Li(n,d) 6Li E, = 0-8 MeV Gt » 5(0) 28 11.9
6Li(n,ny) 6L E, = 0-8 MeV Gint » 5(0) 175 2.11

6Li(n,p) ¢He E, = 0-8 MeV Gt » 5(0) 92 1.58
6Li(n,n,) 6Li" E, = 0-8 MeV Gint 41 0.30
Totals 17 6358 1.39*

*For 170 free parameters, y2/v = 1.43

Los Alamos National Laboratory 2020-12-08




Cross Sect

1i6(n,n)li6 do/dQ E= 0.072 MeV

1i6(n,n)li6 do/dQ E= 0.240 MeV

1i6(n,n)li6 do/dQ E= 2.800 MeV

0.10 12
— CP2020 — cP2020 0275 — P2020
90% confidence range 11 90% confidence range 90% confidence range
0.09 ---- CP2011 ---- CP2011 0.250 ---- CP2011
T diff cross section 6li(n,n)6li en=.072 lane 60 T diff cross section 6li(n,n)6li en=.240 lane 60 @ diff cross section 6li(n,n)6li en=2.80 mev
@  6Li(n,n)6Li diff. x-sec. at 2.80 MeV Knox 1979
0.08
g g
< 0.07 3
3 3
0.06
0.05
0.04 0.4
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Ocm Ocm
1i6(n,t)he4 do/dQ E= 0.002 MeV li6(n,t)he4 do/dQ E= 0.240 MeV li6(n,t)he4 do/dQ E= 2.600 MeV
034 0.7 0.024
— CP2020 — CP2020 — CP2020
90% confidence range 90% confidence range 0.022 90% confidence range
0.32 ---- CP2011 0.6 ---- CP2011 ---- CP2011
T 6litnt) ang dist 2 kev knitter 82 T 6li(n,t) ang dist 240 kev knitter 82 0.0204 T 6Li(n,t)aHe diff. x-sec. Bai et al. 2.600 MeV
0.30 4 3 6Li(n,t)4He diff. x-sec. Bai etal. 2.00 keV 051 E 3 diff cross sect 6i(n,t)ahe 3 6Li(nt) dxs at 2.60 MeV LANSCE 07
’ ’ Z  6li(n,b) diff cross section en=0.24 mev overley 74 0.0184 SR N
X 6Li(n,t) dxs at 240 MeV LANSCE 07 2
o 0281 o 049 00161
g g g
3 3 3
0.26 03 0.0147
0.0124
0.24 0.2
0.010
0.22 0.1
0.008
0.20 0.0 0.006
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
Bcn Bcm Ocu
6y : ' .
) li6(n.t)he4 integrated Li(n,n")da Cross Section
10t 10 0.8 ; .
—CP2020
0.7 | - -CP2011 9
Is * Batchelor 63
0.6 [ N 4 Rosen 62 B
N = Chiba "85
05
2 g
£ g 5 04 L
S 100 = g
° o3[
0.2 |
0.1 |
T T |
1072 107t 10° 10t 0
E (MeV) ¢ ey 0 5 10 15 20
(Mev) E, (MeV)
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ions for the n+°Li Reactions

o (barns)

1i6(n,n)li6 do/dQ E= 6.370 MeV

— CP2020
90% confidence range
---- CP2011
@ 6Li(n,n)6Li diff. x-sec. at 6.37 MeV Knox 1978
3 6Li(n,n)6Li diff. x-sec. at 6.36 MeV Batchelor 1963

1i6(n,t)he4 do/dQ E= 7.000 MeV

— cP2020
90% confidence range
---- CP2011
@ 6Li(nt) dxs at 7.00 MeV LANSCE 07
B li6(n,thed:),NP/A,330,1,197910:C.M.Bartle
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Li(n,n’)da

6Li(n,n')da Cross Section

0.8 \ \ \ — ]
- l % —— CP2020 ]
0.7 + SRR P O e CP2011 a
B T e Batchelor 63 i
0.6 - ' Yo +  Rosen ‘62 ]
r o N Chiba "85 ]
. 0.5 |-
L2 B
g 04 N TR
° 03 -
0.2
0.1
O : Il ‘ Il ‘ Il Il Il Il ‘ Il Il Il Il ]
0 5 10 15 20
E (MeV)
n

On,n'do — On,T — (Un,t + On,y + On,ng + On,ng + On,p + Jn,Qn)

It is somewhat lower in the peak than the previous evaluation because the total cross section is
lower for E,, > 5 MeV (Abfalterer data), and the elastic cross section is higher.
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Covariance matrix

The parameter covariance matrixis C = 2G;1, and so first-order error
propagation gives for the cross-section covariances

X P =x+P-p,) & ++(P-p,) G,(p-p,) 4
= x. +Ax’.

Xg = Xz(po)
2, =V, " (0)|pop, =0

kGO - Vpg(p)‘pwo

= Aai(E)Aaj(E’)pij

cov[o,(E)a,(EN]=[V,0,(B)] C,[v,

o (E]

(E,E").

P=p,

observable uncertainties / {

Los Alamos National Laboratory
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P aram ete r va ri ance * Arndt&MacGregor UCRL-14627-T

» Consider variations near solution {p1,iticy {p2,i}iy
2 T 1 A B

Ax“(p) = op1Adp1 + dp1Bdpa + dp2 B* dp1 + 6p2Dop2 Cyt= <BT D)

« How does y? change when {p,} move and re-optimize Ay? via {p4}?
No
Ax*(p1 + 0pT™, pa + dpa) = Z 0p2,a Dy 50p2 8
Oé,B:Nl-i—l

« D" s the restriction of the inverse of Cy to p, subspace; let N,=1

(6]92,(1)2 - AXQC'O,Ocoz AX2 =1 = 5p2,0z —V CO,aa

* NB: larger dimensional parameter spaces give smaller éps ,
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Uncertainties from chi-squared minimization

R;, AR, =relative measurement, uncertainty

2 l”S 1 ]2 S, AS = experimental scale, uncertainty
+ 3

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

AR,

l

1

XéDA = E[HX,-(D) ~&

n = normalization parameter

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

Xo = X (Py)
2, =V, " (P)] pop, =0
Gy =V,2P)|,-p,

X P =x+P-p,) g ++(P-p,) G,(P-p,)
= xo+Ax’.

J\.

Conventions:

1) previous: AXQ =1 = Very small uncertainties op; = (03)1/2 ~ O(Np_1/2)

2) improved: Ay’ =L1Ap'G,Ap=Ay...,
L Mt

P(Ax2|k) = [25r(§)] [ 17'edr=CL (e.g. ~ 0.68 for 1-0), 0.95 for 2-0, etc.
0

opi ~ (Npcqg)l/z
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Application to NN system

p(p,p)p do/dQ E= 3.037 MeV

do/dQ

107!

CP2020
90% confidence range
CP2011

xsect pp e=

3.037 norm= 1.0000 enorm= .0010

0.0000045

100 120 140 160

p(n,gamma)d do/dQ E=19.300 MeV

180

0.0000040 4

0.0000035 4

0.0000030 4

do/dQ

0.0000025 4

0.0000020 +

0.0000015 4

—— CP2020
90% confidence range
---- CP2011
o diff. x-sect. p(n,gamma)d En= 19.30 MeV

0.0000010
0

T T T T

T
20 40 60 80 100
Ocm

T T T
120 140 160
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180

do/dQ

o (barns)

0.042

0.040 4

0.038 4

0.036

0.032 4

p(n,n)p do/dQ E=22.200 MeV

—— CP2020
90% confidence range
CP2011 (no data)

diff. x-sect. p(n,n
diff. x-sect. p(n,n
diff. x-sect. p(n,n
diff. x-sect. p(n,n

p En=22.20 MeV T
En= 22.40 MeV
En= 22.50 MeV
p En=22.50 MeV

bel i Lol iH
32332

CP2011 has no data.

0.030 T T T T T T T T
20 40 60 80 100 120 140 160 180
Ocm
103 p(n,gamma)d integrated
—— CP2020
---- CP2011
Experiment
10—4 4
107 T T T
1072 1071 10° 10! 102
E (MeV)

10!
“g 10°
10
: 10° 10t
Neutron Energy (MeV)
Covariance matrix
Partitions:

pp(€ < 3);np(f < 3);
vd(€ < 1);nn(f < 3)

36 channels (J"LS)
x?/dof ~ 0.9

1.0

0.8

0.6

0.4

0.2

0.0

-0.2
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-1.0



Conclusions & Outlook

* R-matrix
— Correlates all processes associated with a given compound system

— Enforces
« Causality; proper complex-analytic properties; multichannel/multiprocess unitarity

— Single-observable fits? Caveat Emptor.

« Systematic improvement

— More data
* Polarized observables
» Higher-energy data

« Uncertainty quantification
— Currently
« x? minimization with per-experimental setup normalization
« Appears sufficient for 2——2 body scattering/reactions, single compound system
— Planned

« Bayesian statistical methods
— Data covariances
— Several compound systems concurrently
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