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Opacities

Helioseismic probes and pp Ns depend on “effective” opacity profiles: opacity models + composition
details in F. Villante’s talk

Status of opacity models in 2014 @ “A special Borexino Event”
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Few percent differences in solar
interiors

Only theoretical calculations available
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Opacities — Experimental result

First ever opacity measurement at conditions close to base of the solar convective

onyviolana

Fe opacity @Sandia Lab -- > 7% increase of Rosseland mean
opacity

T~Tez
Ne ~ 1/4 Ne,

Opacity (x10* cm2 g™')

Wavelength (A)

Bailey et al. 2015

ISSI — 2019



Opacities — Experimental result

First ever opacity measurement at conditions close to base of the solar convective

onyviolana

Fe opacity @Sandia Lab -- > 7% increase of Rosseland mean
opacity

2.26 x 10° K, 4 x 10?2 cm™ T TCZ

Encouraging but insufficient:
Ne ~ 1/4 Nec, “missing opacity” at ~20%
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Solar opacities — intrinsic error
What is the true opacity error function? Linear, OP-OPAL, etc?

Linear model
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Solar opacities — intrinsic error

f(z) ~ N(m(z),C(z,z")) Locally a gaussian function of mean u
e.g. 2% center or 7% at BCE

n o — r—x' 2 2L2 0.15 BT 0.15
o(z,z') = e~le—a'12/(2L?)
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=
Correlation between two points P T f oos
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z - | %
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Define sensible priors for L
determine posterior from data
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o
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Use data to extract posteriors
of all solar input parameters,
including shape of opacity function
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Solar opacities — test the models

Linear Gaussian process
GS98 AGSS09met GS98 AGSS09met
0 n 7(0) p-value (c) F(6) p-value (o) Z(0) p-value(6) Z(6) p-value (o)
Ys +Rcz 2 09 0.5 6.5 2.1 0.7 0.35 6.9 2.2
Sc__ 30 58.0 3.2 76.1 45 35.6 1.2 40.2 1.6
all v-fluxes 8 6.0 0.5 7.0 0.6 5.9 0.44 7.0 0.6
global 40 65.0 2.7 94.2 4.7 45.1 1.1 57.1 2.1

Song et al. 2018
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Solar opacities — test the models

Linear Gaussian process
GS98 AGSS09met GS98 AGSS09met
0 n 7(0) p-value (c) F(6) p-value (o) Z(0) p-value(6) Z(6) p-value (o)
Ys +Rcz 2 09 0.5 6.5 2.1 0.7 0.35 6.9 2.2
oc 30 58.0 3.2 76.1 4.5 35.6 1.2 40.2 1.6
all v-fluxes 8 6.0 0.5 7.0 0.6 5.9 0.44 7.0 0.6
global 40 65.0 2.7 94.2 4.7 45.1 1.1 57.1 2.1

Song et al. 2018
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Solar opacities — test the models

Linear Gaussian process
GS98 AGSS09met GS98 AGSS09met
0 n 7(0) p-value (c) F(6) p-value (o) Z(0) p-value(6) Z(6) p-value (o)
Yo + R~ 2 0.9 05 6.5 2.1 0.7 035 6.9 2.2
oc 30 58.0 3.2 76.1 4.5 35.6 1.2 40.2 1.6
all v-fluxes™ 8 6.0 0.5 7.0 0.6 5.9 0.44 7.0 0.6
global 40 65.0 2.7 94.2 4.7 45.1 1.1 57.1 2.1

B16-AGSS09met /B16-GS98

Data LIN-OP GP-OP

v -0.23 -0.27

+Ys+Rcz -1.6 2.9
Song et al. 2018 + sound speeds -14.7 4.1
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Solar opacities — what data tell us

' — Intrinsic Linear OP ' —Composition Linear OP
—Intrinsic GPOP ~_— —Compostion GP OP

Wiggles in the sound speed
profile (blue)
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Solar opacities — what data tell us

| Posteriors for all input parameters including opacity intrinsic changes I

i —— | | |
—Total GP OP " —Total GP OP |
--Mean B16-GS98 /; |

20 - ——Mean B16-AGSS09-met 7 /|

7I 6:8 6.|6 6.I4 7 6.8 6.6 6.4
log ., T(K) log ., T(K)

I Total opacity uncertainty determined from solar data (& SSM physics): < 5% I
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- Odlogg

~ Ologp;

Lo Re (Z/X)e constraints c,
amir | 0.06 -0.19 0.06

Yini 2.35 0.56 0.08
Zini | -0.73  -0.14 1.11

parameters p;
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- Odlogg

~ Ologp;

Lo Re (Z/X)s
Ot 0.06 -0.19 0.06
Yini 2.35 0.56 0.08
Zipi M1-0.73 1 -0.14 1.11

Z/X determines solar model composition
Zini & Yini
But it is in fact opacity (k(Z) + Z)
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Solar Neutrinos — experimental results

v rates: SSM vs. Experiment

B16(GS98) .
140.12
7.8440.81 —140.12 125.6£3.7 —
0.96£0.04
-
0.50+0.07 65.4+4 67.2£5
0.4240.01
2.56+0.23
0.31+0.02
SAGE GALLEX SNO SNO
L Homestake  SuperK L Kamiokande + GNO Ve L Allv
Cl HyO Ga DO
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Solar Neutrinos — Borexino

8B flux negligible for energetics (<0.01%) | j
Other fluxes more relevant: 'Be, pep, pp I ) ey 8 I
W« oY /AT Nylon Vessels
Detector: organic liquid scintillator / R NPy 5%, &

high light output
very low energy threshold ~ 100keV
initial target: 'Be

ottt 00 et

qiie

Extreme technical difficulty:
e many sources of background from radioactive nuclei

i , ,’ '4:, . .:‘;};1:,. 2
] ST A :‘Q& _ P .
* high radiopurity needed =27 ""%%’\‘«’\-t
. . . W1 ~ T_° r T 1
e scintillator produces its own background: 1C, 14C " 'l r 4
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Solar Neutrinos — Borexino

Data taking for more than 10 years - Observed neutrino spectrum
(published 2 weeks ago) — Caccinaga et al. 2018 (Borexino Collaboration)

Signal shown in red — measured spectrum in black
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Solar Neutrinos — Borexino

v fluxes: Solar models vs. Borexino

7,

7 1.00£0.06 % 1.00+£0.12

7

== 1.00+0.006 gz 1.00+0.01

0.6940.06

0.664-0.02

0.47+0.03

pp I "Be I :
Theory . Borexino I NN
pep B

No oscillations included — pure measurement
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Solar Neutrinos — Borexino

Table 2 | Borexino experimental solar-neutrino results

Solar neutrino Rate (counts per day per 100 t) Flux cm2s1) Flux-SSM predictions (cm2s~1)
pp 1341075, (6.14+0.5'52) x 10"° 5.98(1.0+0.006) x 10'°  (HZ)
6.03(1.0+0.005) x 10'° (L2)
"Be 48.3+1.1'93 (4.99+0.11°93%) x 10° 4.93(1.0+0.06) x 10°  (H2)
4.50(1.0+0.06) x 10°  (L2)
pep (HZ) 2.43+0.367033 (1.27+0.19°39%) x 10® 1.44(1.0+£0.01) x 10°  (HZ)
1.46(1.0+0.009) x 10®  (L2)
pep (LZ) 2.65+0.36"0 53 (1.39+0.195%%) x 10° 1.44(1.0£0.01)x 10°  (H2)
1.46(1.0+£0.009) x 108 (L2)
®Bher 0.13679813°0003 (5.777338 73 12) x 10° 5.46(1.0£0.12)x 10°  (H2)
4.50(1.0+£0.12) x 10°  (L2)
8Brer-i 0.087%3:983+9:995 (5.567922+933) x 10° 5.46(1.0+£0.12) x 10°  (HZ)
4.50(1.0+0.12) x 10°  (L2)
®Bher 0.223*3312*0.008 (5680337009 x 10° 5.46(1.0+0.12) x 10°  (H2)
450(1.0+£0.12) x 10°  (L2)
CNO <8.1(95% C.L) <7.9 x 108 (95% C.L) 4.88(1.0+0.11)x 108 (H2)
3.51(1.0+£0.10)x 108 (L2)
hep <0.002 (90% C.L.) <2.2x10°(90% C.L) 7.98(1.0+0.30)x 10  (H2)
8.25(1.0+0.12)x 103  (L2)

w experimental fluxes after oscillations
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Solar neutrinos — all experimental data

Probability Global analysis of solar n data: Cl, Ga, 3 phases of SNO, SK |-IV, Borexino Phase

1&2 — but no Borexino 2018 results (won’t change much)
Parameters: solar neutrino fluxes and n oscillation parameters (Am?,,, 6,,, 65)
5’-‘1 O Non-solar n experiments providing info on oscillation parameters
=09
o 12 / o No lum. constraint
« 1
o fop = 1.04 £0.08[*0:22],
<8 ( N\ ! N ( N free = 0.97755 [£0.12],
0
0.23
: fan = LTIEG[H1],
TONONOSN A foo =088 [< 26
098 firp < 15[47].
= 0.94
0.86
55
=, Bergstrom et al. 2016
0.8 1 1.2 0.9 1 1108 1 1.2 0 5 10 0 2 0 50 0.86 0.9 0.94 088 0 5
fpp fTBc fpcp f“‘.\l f“"O f”F f"B fhcp
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Borexino

Solar neutrinos — all experimental data

Global analysis of solar n data: Cl, Ga, 3 phases of SNO, SK |-V, Borexino Phase
1&2 — but no Borexino 2018 results (won’t change much)

Parameters: solar neutrino fluxes and n oscillation parameters (Am2,,, 6,,, 6,5)
Non-solar n experiments providing info on oscillation parameters

SK & SNO

No lum. constraint

fop = 1.0440.08[*3:22],
free = 0.97755 [£0.12],
foep = 1.05 £0.08 [T0:3]
fian = L7EEG (18]
fiso = 0.6107[< 2.6],
frrp < 15[47].

vV

).

Bergstrom et al. 2016

0 50 J0.86 0.9 0.94 0.98 0

frg fB

f hep




Solar neutrinos — all experimental data

Probability

Now including the luminosity constraint

dr (AU)2

002000
00290
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- \ \
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With lum. constraint

fop = 0.99970:008 [£0015]
free = 0967505 [F0:13],
Foep = 1.005 4 0.009 [F9:02] |
Sy = LTS [FR6],
fiso = 06705 [F30],
firp < 15[46],

fsg = 0.92 & 0.02 [£0.05]
Frep = 24715 (< 5.9],

Bergstrom et al. 2016
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Solar neutrinos — all experimental data

Probability

Now including the luminosity constraint

dr (AU)2
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With lum. constraint
fop = 0.99970:008 [£0015]
free = 0967505 [F0:13],
Foep = 1.005 4 0.009 [F9:02] |
Sy = LTS [FR6],
fiso = 06705 [F30],
firp < 15[46],

fsg = 0.92 & 0.02 [£0.05]
Frep = 24715 (< 5.9],

Bergstrom et al. 2016
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Solar neutrinos — all experimental data

No luminosity constraint — purely experimental result

Loy chai Ly

SPEEER = 103T003 (0% and % = 0.00878:808 [F8557]
Lg Lo

L (neutrino-inferred) 1.04[+007] [+020
Lo VR Z0.08) [-0.18] -
With luminosity constraint—L, =L,
Lpp-chain — 0.99110-:005 [+0.008 PN Lo — 0.00910:004 [+0-013
T Ly O h-oomloonal = T m = 0090005 [-0.008

Bergstrom et al. 2016
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Solar neutrinos — all experimental data
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Old generation
» OPAL - Iglesias et al. 1996
» Opacity Project (OP) — Badnell et al. 2005

New generation
» OPAS - Blancard et al. 2012 — now available Mondet et al. 2015 (only for AGSS09 composition)
» Los Alamos (OPLIB) — Colgan et al. 2016 — This is the most complete set from new generation

m OPAS-OP
m OPLIB-OP
m OPAL-OP

Opacities — new calculations

Solid — GS98
Dashed — AGSS09ph

Not guaranteed that newer
opacity models lead to
higher opacity values

7.0
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SSM with new opacities

GS98 AGSS09
0.010f ' ' ' r ' ' : 0.010F r ' , , , :
0.008 58FAL ] 0.008 |
- = OPLIB 1 i
0.006 . 0.006
0.004 0.004 |

dc/c

0.002}
0.000 Fr~-ec-:

0.002
0.000
-0.002

~0.002F

0.1 02 03 04 05 06 07 08

New opacities lead to some variations in sound speed profiles but
nothing too dramatic
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SSM with new opacities

0.09F - Solar (BISON)
- OPAL ]
: OPLIB (LA) ]
0.08F or -
0.07F E
oosk  GS98 3

1000 1500 2000 2500 3000 3500 4000
Freq. [uHz]

loz

009 = Solar (BISON) 1
OPAL ]

. OPLIB (LA) .
0.08F op 3
OPAS .

0.07F 3

1000 1500 2000 2500 3000 3500
Freq. [uHZz]

New OPLIB opacities lead to indecisive results for helioseismic probes

not all agree (disagree) with high(low) Z solar models
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P(°B)/P(°B)gyn
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SSM with new opacities

GS98
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SSM with new opacities

GS98 AGSS09

E T T 11— LA A 3
12F oop - oo :
E E 0 ]
E 0P 1.0F xOPLIB 3
c 1.1 osolar c £ 4 OPAS E
3 E 3 £ o solar E
a2 F 2L 09F -
& 10¢ ERE-: é
m 1 @ aaf E
Q_ E ] < 0.8F -
g 0.9 ;_ 3 = ; E
: 1 o7k E

0.8F E g /
0.90 0.95 0.90 0.95 1.00 1.05

®('Be)/®('Be),,, ®('Be)/®('Be),,,

1.10

Solar Vs strongly disfavor OPLIB opacities
especially if low-Z accepted

6.6 6.4 6.2 6.0
log,eT [K]
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pp-chain neutrinos and I1

Blue - 6598 """"" [T [T RN N LN [T [T
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pp-chain neutrinos and I1

Blue — GS98

Black — AGSSQ9 1590
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pp-chain neutrinos and I1

Blue — GS98 o i
1550 — —
Black — AGSS09 i 1
L 3‘" g ° o i
= - 1] .
= i il _
1 1
. o i
- ol 1 |
1 1
1450 o —
~ | IO -
1 1
- I I -
1 1
. ! i
. ot i
1400 ‘ l . . 1 ! el ! . . . | . . .
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B8 flux
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CNO fluxes

3y 13C 4+ p > 14N + Y 170 +p 914N + 4He [€E&————
v
BN = 13C + e+ Ve 14N +p = 150 + Y 7F > Y0 + et+ Ve
N A
A4
2C+p => BN+y 150 1N +et+v, 80 +p > YF+y
3 )
5N +p =>12C +*He [€ > N +p = 160 +y

coNO R 8.24 X 1025p)JXCNQ:l—'9_2/3€_15'231/T91/3_(T9/0°8)2 erg g_ls_1

Core temperature fixed by 8B (very sensitive)

€cno Measured by neutrinos -- > determine Xqy o



CNO in Borexino

N
100 200 300 400 500" 600 700 800 900
J- T T T T | T T T T I T T T T | T T T T | T T T T I T T T T | T T T T | T T T T I T T
14 11
1 O T 21 T .(3
PP >1oP0  —— pile-up
— as Bi ----ext bkg
= 7 -
1 Be Kr

— Total fit: p-value=0.7
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Difficulty: 21°Bi background

One way: determine 21°Bi by measuring 2'°Po



Strategy towards CNO measurement

Main route: using 21°Bi-
210Po temporal evolution to 210
measure “support term” for

/ 192>

a0l

210 Tl sag2 |210 Pb 63.5 |210 Bi 1161 |210 PO
100

1.30 m

22.3 yr 5.01d 138.4d
© 2
50351‘\:) /

210pPo (secular equilibrium 206 T|Fs=2l?°¢ Pb
in 210Pb sub-chain) 206 | |ezom =
Option: further purification
of the LS by water 81 82 83 84
extraction to reduce 219Bj
i U \::\ 2'%po Top/Bottom Top
™ Sottom Instabilities observed in the

¢pd/100/ton

1400 ‘\ By
,:“\\ \
1200 4%

1000

Ydays]

evolution of the 21°Po
(making impossible precision
evaluation of the 2'°Bi) were
found to be the result of the
temperature instabilities of the
surrounding

temporal



Hardware solution for

thermal stabilization

thermal insulation of
the external tank

21%pg in std FV

<
S
S
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B
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~a t 2015/02/27 2015/10/09 2016/05/19 2016/12/29 2017/08/10 2018/03/22
> - ; t [days]
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£ S - — i ‘ i
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== (summer 2015)




219Po in 60 cubes (r < 3 m)

Spring 2014 Spring 2015

8 1™ Top
0

40

30

20

Bottom
2019/04/24 2013/11/28 2014/07/04 2015/02/07 : 2015/09/13 2016/04/18
/ . time
Autumn 2013 Autumn 2014 ' N. Rossi

Insulation effect: .
Summer 2015 @ Neutrino 2016




CNO sensitivity

Depends on both 21°Bi and pep-neutrino rates. We assume that 270Bij
will be measured (10-20%) and pep-rate can be constrained by
constraining pp/pep ratio in the fit.

v(CNO) median p-value (LZ/HZ hypothesis)

(5]
)
< ¥ Bi + 20% - pep+ 10% (LZ CNO) * Bi + 20% - pep+ 10% (HZ CNO)
> 1c
& I S
= 10 _ _
S ye O Bi + 20% - pep+ 1% (LZ CNO) = Bi + 20% - pep+ 1% (HZ CNO)
S oL 20
D  E=mmmmccdemeeee---=%%
= —2 * ) )
10 § o A Bi + 14% - pep+ 10% (LZ CNO) 4 Bi + 14% - pep+ 10% (HZ CNO)
i
? 30
1 0_3 ------------------- Bi + 14% - pep+ 1% (LZ CNO) Bi + 14% - pep+ 1% (HZ CNO)
O Bi + 10% - pep+ 10% (LZ CNO) = Bi + 10% - pep+ 10% (HZ CNO)
104
4c
"""""""" = =|| o Bi + 10% - pep+ 1% (LZ CNO) e Bi+ 10% - pep+ 1% (HZ CNO)

10°°



Solar opacities — what data tell us
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#

PP 0.
pep -0.
hep -0.
Be7 -1.
B8 -2.
N13 -2.
015 -2.
F17 -3.
Ys Q.
RCZ -0.
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Power-law dependences

age
-0.085
-0.003
-0.125
0.753
1.319
0.863
1.328
1.424
0.195
0.081

ISSI — 2019

diff

.013
.018
. 039
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.018

lumi

o oo uUbhOWOOSOOS

. 773
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.351
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Power-law dependences
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Table 2 | Borexino experimental solar-neutrino results

Solar Neutrinos — Borexino

Solar neutrino

Rate (counts per day per 100 t)

Flux cm~2s™1)

Flux-SSM predictions (cm2s™1)

pp

134+10%%,

(6.1+0.5%33) x 10%°

5.98(1.0+0.006) x 10'°  (H2)
6.03(1.0+0.005) x 10° (L2)

"Be 48.3+1.1%3% (4.99+0.11%33%) x 10° 4.93(1.0+£0.06) x 10°  (HZ)
4.50(1.0+0.06) x 10°  (L2)
pep (HZ) 2.43+0.36"933 (1.27+0.19739%) x 108 1.44(1.0+£0.01)x 108 (HZ)
1.46(1.0+0.009) x 10%  (L2)
pep (L2) 2.65+0.36"313 (1.39+0.19%39%) x 108 1.44(1.04£0.01)x 108 (H2)
1.46(1.0+0.009) x 10®  (L2)
8Bher. 0.136%3:913+3:953 (5.7773:26+813) x 108 5.46(1.04£0.12) x 10°  (HZ)
4.50(1.0+£0.12) x 10°  (L2)
8Bera 0.087+3:383+5:992 (5.563859%3) x 10° 5.46(1.0£0.12)x 10°  (HZ)
4.50(1.04£0.12)x 105 (L2)
8Bher 0.22373312+9:9%¢ (5.68733375:83) x 10° 5.46(1.040.12) x 10°  (H2)
450(1.0+0.12) x 10°  (L2)
CNO <8.1(95%C.L) <7.9x108(95% C.L) 4.88(1.0+£0.11)x 10°  (H2)
3.51(1.0+0.10) x 108 (L2)
hep <0.002 (90% C.L) <2.2x10°(90% C.L) 7.98(1.040.30)x 10 (HZ)
QU 8.25(1.0+£0.12)x 10°  (L2)
Normal Ordering (best fit)
bfp +10 30 range
sin? 61, 0.3067001% 0.271 — 0.345
012/° 33561577 31.38 — 35.99
. sin® 03 0.4417F0527 0.385 — 0.635
experimental fluxes| . Am,
623/ 41.6%13 38.4 — 52.8 Tosove |  790%6a7 7.03 — 8.09
for oscillations 2 ‘ Esteban et al. 2017
sin® @ 0.0216679:9%975 0.01934 — 0.02392 2
' ~0.00073 % +2.52440:03 19407 — +2.643
013/° 8.461012 7.99 — 8.90 1073 eV
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SSM — the problem

Sound speed relative difference

Density relative difference

0.015¢ 0.08
[ GS98 [
- AGSS09met Inversion unc. i
0.010} ] 0.06
. : _ 004
3 0.005 . S [
[ 0.021
0.000 ;
Solar model unc. 0.00f
_0005 C L L L L —002 : L L L 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
R/R,, R/Rq,,
GSI98  AGSS09 Helios.
(Z/Xo) 00229  0.0178
Rez/Rs.  0.712 0.723 0.713 £ 0.001
Y5 0.2429 0.2319 0.2485 + 0.0034
{dcfc) 0.0009  0.0037
{6p/p) 0.011 0.040
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SSM — the problem

Core structure as seen by frequency separation ratios

A R dcd
OVp, =~ —(4€+6)—V/ fcdr
0

A2 vy, dr r
' ' 0.16¢ ‘
E Solar (BiSON) E E
009 = Gso8 z 0.15-
AGSS09met 1
0.08; 0.14¢ ;
RS ' 2013¢ 3
0.07¢ 0.12: 3
5 0410 3
0.0GT I ; g
67 il il il il il - 6;
3, \/_\/\/—v\/\/v — 3
o QF---- P S e S i 5 0
1000 1500 2000 2500 3000 3500 4000 1000 1500 2000 2500 3000 3500 4000
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Freq. [uHz] Freq. [uHz]

All helioseismic probes show consistent
results:
Given current input physics, low-Z models are
disfavored




SSM — B16 models

Small changes in helioseismic probes

T T T T T T T T T

___ B16-GS98 1
0010 ___ B16-AGSSO09met i

L 0.005+-

Q

©

0.000
0.0 0.2 0.4 0.6 0.8
r/R
sun

Qnt. B16-GS98 B16-AGSS09met Solar
Ys 0.2426 +0.0059  0.2317 £0.0059  0.2485 4 0.0035

Rez/Re | 0.7116 +0.0048  0.7223 +0.0053  0.713 £ 0.001
(5¢/c) | 0.0005+0.0004  0.0021 % 0.001 —
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SSM: the need for CN(O)

New opacity calculations do not alter state-of-the-art or complicate matters more

Most robust way to break the opacity < -- > composition degeneracy is through CNO Ns

35 T T T T T T T T T T

(75}

Q

N< .l moderate T
: evidence n-experiments only
N
(@]
o

151 5% Bergstrom et al. 2016

L 1 1 IS I S B ' 1 1 1 |
0

1% 10% 100%
Measurement error

Discriminating power can improve if model information is added (Haxton et al. 2008)
Next talk by F. Villante
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g-modes detection (finally?)

g-modes probe inner regions — but strongly damped in the surface — tiny amplitudes & high background

direct searches for g-modes have failed (despite claims in Garcia et al. 2007)
Fossat et al. 2017 use new method: long term modulations in p-mode spectrum

Claim detections of more than 200 g-modes of angular degree | =1, 2
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g-modes detection (finally?)

Two important claims in Fossat et al. 2017

1) Asymptotic period spacings forI= 1, 2

—1
2 Rez 1 dlo dlo
I, — 27 / Nﬁ N =g gp gp
VI +1) | Jo r I'y dr dr
Fossat et al. P,=1443.1+0.5s -P,=832.8+0.7s

GS98 SSMs: P,=15625-1540s -P,=880-890s

AGSS09 SSMs: P, =1535-1560s -P,=886-900s

2) Rotational splitting -- > solar core rotation ~ x3 faster than intermediate regions
Maybe some impact for chemical mixing in the core — but in direction of lowering N-fluxes
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Temperature dependences can be

T
Slope=0.785

-0.75 RSP S .

CN N fluxes
1200 - 4 7
4 ks NO Comp- error Canca“onl At icina 8R
1000 . - 0.75
2 800 ' B 0.50
38
e 600 — T
E ~ 0.25
400 - - 2"
, m& 0.00
200 - / - =
o 114 = _o.2s
1. 3.5
—0.50
oy 1.0F 6=0.32%
®(1°0) OCB) 177 a0 021 —
(50 SSM [W] xRN [1 £ 0.003(env)) £ 0.10(nucl)]
o (5 B) 0.785 Ne + Nu
TEL)ST NSV | NESM

] [1 = 0.003(env) = 0.10(nuc)J50 ~0-25 ¢.00 0.25 0.50 0.7
SSM

Discriminates compositions to better than ~ 3-s before adding CN experimental error




