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There are four types of nuclear-plasma interactions:‘ ! ! .|
(M.R. Harston & J.F. Chenin, Phys. Rev. C59 2462 (1999))
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Einstein laid out three methods by which atoms ‘ ! ! -
interact with blackbody radiation fields

* Spontaneous Decay: E,
dn VV\/ >
) [
dt Ay E]
e Photo-Absorption: E,
dn 2hv’ VAVAVAS 2
(dtl)Blz = —Blznzl(V)§ I(V) = Cz(ehv/kT B 1) hv T E,
e Stimulated Emission:
EZ
dn;\ . % W
(dt)BZl = lel’l2]<V), I(V) - Cz(ehv/kT _ 1) \}/\/\/\> l%b
E, >

Only the last two mechanisms depend on the spectral radiance
_0 .

“A. Einstein Zur Quantentheorie der Strahlung, Physik Z 18:121 (1917)



In a realistic nucleus there are many finite width ‘ ! ! L
levels accessible above the initial state

e The photon absorption rate per nucleus then becomes:

R —

RY(E f B(E,+ E)I(E, ~E, +E,)p(E, +@cb( E,)dE,
e The photon absorptiqn rate on the ground state 1s known*:

0,,(E,)P(E,)dE,

* Allowing us to recognize the photon absorption (and stimulated
emission) cross sections in a blackbody field as:

O pp(E,)= f B(E,+E)I(E,—E _+E)p(E, +E,)dE,

0, (E. )= fB(E ~-E)I(E,—E -E)p(E, - E,)dE,

*Berman & Dietrich, etc. RIPL -3 -



We can now obtain a net photon absorption ‘ ! | -

rate in a plasma blackbodyv spectrum

* For E =S, and E <<E| the B’s (which play the role of a cross
section) are identical, and

* The photo-absorption cross section 1s the same on the excited
state as the ground state (Brink) we get:
~I(E.—FE +E)p(E_+E)
GSE(Ex)= GPA(Ex)f 4 ! dEy
\[(E,~E -E)p(E,-E,)

* Yielding a net Pre-statistical Photon Absorption (PPA) rate of:
AR(E )=R

photo—absorption (

E)-R

stimulated emission ( X )

l

o.¢]
AR( Ex) _ f ( O_f)hoto—absorption _ O,L.vtimulated emission )(I)), dEY
0

(Ex —E, _Ey)p(Ex _EV)
(E,~E,+E,)o(E, +E,)

O iphoto— absorption (I)y d Ey

of T
AR(Ex)z{ -~




Pre-statistical Photon Absorption (PPA) [
Rate vs. Temperature (T9=10°K) LUH
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How does PPA compete with spontaneous decay?




Thermal (n,y) resonance widths™ shows that nuclear quasi- ‘ ! ! .
continuum lifetimes near S, are on the order of 7-10 fs
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PPA is faster than spontaneous decay near |||
S for fissionable nuclei for T9=1 LLE
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S, near r-process path=2 MeV




What are the effects of PPA on neutron- ‘ ! \ =
capture driven nucleosynthesis?

A photon from the
plasma gets absorbed

Fission could Kkill off the formation of A>240 nuclei




What are the effects of PPA on neutron- ‘ ! \ =
capture driven nucleosynthesis?
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Even far from stability (S,=2 MeV) levels [
overlap (o'I" >1) for odd-odd nuclei

Sn Type of ,OF Rppas /Rgpr

LE+10 pF vs. E x , (MeV)| Nucleus

1. E408 - 2 Even-Even 0.063 0.00059

' 2 Qdd-A 0.00068 0.0065

LE+06 4 2 0dd-0dd 0.92 87 >
% 1 B4 3 Even-Even 00042 0.014
g 3 Odd-A 0.046 0.15
2 LEH2 3 Odd-Odd 62 3.3
2 | E+00 + 4 Even-Even 0.12 0.20
= 4 Odd-A 14 1.6
< 1E0 4 0dd-Odd 1800 1.6

1.E-04
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LE-08 Sooner or later a photon

] 2 A f 8 10 12 C
ey, will be absorbed that
makes E,>B,

*Level density from Generalized BCS model w/o enhancements
-10 -



()
Is RNEEC/NEET > Rspontaneous decay* .
How do photon and electron fluences compare? LL%

e The total photon flux 1s dependent only on the
temperature given by the Stefan-Boltzmann relation:

P =0y, T* =(5.67x10"2J /em*K*s)(10°K) = 5.67x10% J [em’s

o - P 5.67x10*J /cm®s
E poon__(3:83k,T)(1.6x107J /keV)

photon E
< @wm =1.1x10* photons/ cmzs>

e In contrast, the electron flux, which 1s Fermi-Dirac in
form, 1s dependent on both the temperature and the matter

density: _
y (I)eleclron = peve = (IOOOg/Cm3)( 2kBT)

m€
< @, =Tx10"electrons/ cm2D
@

.. O
—lectron. = 6.5% => if —NMECMEEL_ > 150 then Ryppc neer > R
0]

photo—absorption

photon
photon

“11 -



We need to calculate these rates for K, L, M B

atomic shells. Right now I have only M

242mAm 4.1 keV 5- — 3 NEEC/NEET (assuming no K-hindrance)

Cross Section (barns)
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Note that this cross section is = 2-3 orders of
magnitude bigger than op, at the relevant energies

*Courtesy of M. Chen - Dirac-Hartree-Slater Average Atom Model
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Pre-statistical electron absorption (PEA) could also ‘ ! ! =

play a role in s-process nucleosynthesis

p-process
s-process

S-process conditions
kpT=8, 30 keV
p=50-100 g/cm?

rp-process

s-process path near Tm

o
N

17OTIn

Help is needed once again from atomic physicists

_13 -



Pre-statistical photon absorption on states with
E =S might be observable in inverse kinematics

e / S—-

¢

Step 1: D(**U »°U")p with E, <B,
Proton measured in Si telescope
(R=1 kHz)

@

235[J
E/A=4-5 MeV/amu

CD, deuterium target

_— s S

B=10% c
At = 10 fs
Ax =04 ym

target

~

#

coulex

236{}**
E>B;

Pb

Step 2: 230U (y,x)>5U™"
Photon-absorption to £ >B,
(R=10-100 mHz)

Step 3: Repeat for a 5 ym CD,
To Pb separation — no fission
R ~0.1 mHz

random

_14 -



At NIF we could observe changes in (n,y) ug
and look for evidence of PPA

NIF is designed to implode DT (or HTD) pellets to achieve thermonuclear fusion
Standard ignition configuration: 192 beams, 1.8MJ in 3w light - NOW OPERATIONAL!!!

Ablator
DT
Can insert Ice —>
< 101520 nuclei

NIF achieves electron densities above SN levels and temperatures near it (10-30 keV)

Hohlraum ~ 10 mm long

Target ~ 1 mm radius

Optlcal pulse ~ few ns

Burn ~ few ps

mitial=1 mm
7 fingr =30 pm

_15 -



Conclusions LU%

* Nuclei after (n,y) are likely to interact with photon
fields prior to statistical y-ray decay leading to:

* An increase in fission for high mass nuclei
* A decreased ability to retain captured neutrons

e Future theoretical work will include:

* Proper treatment of electron-nuclear interactions
(Courtesy of atomic theorist M. Chen)

e Discuss implications for s- and p-processes

* Important physical parameter is o,

e Future experimental work could utilize inverse
kinematics U beams and NIF.

F(E <750 keV) could potentially rule out some r-process settings




Collaborators

¢

D.L. Bleuel, D.H.G. Schneider, J. Pruet, R.D. Hoffman,
C. Cerjan, R. Fortner
LILNL

L.W. Phair,1.Y. Lee
LBNL
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Input is the (y,x) cross section from Berman & B
Dietrich® + pg¢p; level density

Photon-Absorption Cross Section Statistical Cascade
e Widths
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What does all photo-absorption look like @ 250 keV?

* Varlamov RIPL compilation used as a “place holder” - 18 -



Net PPA integrand vs. photon energy LLg
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Some of the most important™ s-process branch point

nuclei have HEDP-populated low-lying excited states

S-process (n,y) enhancement due to excited states”

E Cig(in,y)

Sef — states g
Ol y)

—AE, | kT

,where C, =
Z

*Bao & Kappeler At. Dat. Nucl. Dat. Tables 76, 70—154 (2000)
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MASS NUMBER

Branch | Gnd | 1%t Exc. | 13 Exc.
Point State | State E, | State J©
JT (keV)

Se 712+ 95.77 1/2-
8Kr 9/2+ 304.871 1/2-
147Pm 712+ 91.1 5/2+
151Sm 5/2- 4.821 3/2
163Ho 712~ 100.03 9/2
10T m 1 38.7139 2

11T m 1/2+ 5.0361 3/2*
1Ta 7/2* 30.7 9/2*
2047 2 414.1 4

205pp 512 703.3 72
185\ 3/2 23.547 1/2-

1"I'Tm(n,y) is ideal for NIF since target and product are both radioactive

220 -




Hauser-Feshbach reaction models™ indicate
that (n,y) is very sensitive to J (for 23U)

¢

Probability of J(IT+) or J(I1-)
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Differences of 20-100% might be expected

*J. Escher & F.S. Dietrich: UCRL-TR-212509
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What does the NIF photon spectrum® look like?Ltg

10 ¢
1 i
o 0.
-
& 0.0
=
0.001
nexc'/ng_s_(S keV)=0.53
0.000° n,../n,. (25 keV)= 0.33
20 40 60 80
ElkeV]

Temperatures of 2-6 keV are typical for HT+0.5% D shots

*Calculations courtesy of R. Tommasini- 22 -




What would in ideal capsule look like? ‘ ! \ -

1. Capsule should NOT be cryogenic

* Minimizes spread in temperature
2. Tracer should be mixed in with fuel
* Ensures peak temperature
3. Symmetry of the shot 1s less important
e Direct drive 1s OK
’ Ta,0. (10" atoms) Hund et al.,
e Tantalum oxide (Ta,0O;)
aerogels

Application: HED and
emission experiments

140 mg/cc

_23 .



What does the NIF neutron spectra look like
(Modeling courtesy of C. Cerjan)

\ Note: the 0.5 and 11 MJ
\ + Shots have few(er) low

energy neutrons

BC2-1.1 KIHTD
C3-0.5M1 DT
C4-800 1 HTD
#C5-115 ) pure HT
C6-11 MIDT
®"C1-1.2 kI HTD"

ke

5 10 15 20 25 30
Neutron Energy (MeV)
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HTD shots produce (n,y) much later than DT ||| B
because the capsule holds together longer LL%
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In 75 ps a 200 keV neutron crosses the capsule >500 times
Low energy neutrons (n,y) dominate in HTD shots
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Simulations show that low energy neutrons
in HTD are from downscattered prlmarles

¢

Comparison of Direct/Downscattered
THD Neutron Production
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Measure "'Tm"(n,y) relative to @
19Tm"(n,y) at NIF

Where/when the tracers are / Cross Section

\
N172 solzdcollectlon fff @7’ t E ) X Nl71 ) G(Z,l}/)(En)d? dt dEn

shot
Where/when the neutron al’e U T, Determined using NTOF/MRS

fffqbn(?’t’En)me(”) (IZIY)(E ydr dt dE,

N172 __ _shot

Ny  [[[ ¢,(Ft.E,)x Noo(F)x 0% (E,)dF dt dE,

shot

—171
N172 _ G(n,y)

~ —169

N 70 O y)

““Average’ Cross Sections

=3/4™s of the (n,y) comes from low energy (2-200 keV) neutrons
Loading 10" tracer atoms — 5x10° atoms of (n,y) product

_07 -




Most of the (n,y) reactions come from low
energy neutrons

171Tm Production by Energy

1.E+09
1.E+08
1.E407 {
1.E+06 -
©
8 1.E+05 A Cerjan 1
'g ®Cerjan 2
EI.E+O4 1 p——  Cerjan 3
o Cerjan 4
@ 1.E+03 - | mCerjans
E
3 1.E+02 A —
2
1.E4+01 A —
1.E+00 A1
<0.18 0.2-1.0 1.7-11.5 12 to 25 -_‘
1.E-01
Energy Bin
Neutron
Energy HTD: C4 DT: C3 Pure HT: C5
<0.18 72.78% 2.32% 77.29%
0.2-1.0 10.57% 2.98% 7.00%
1.7-11.5 16.51% 90.75% 15.71%
12 to 25 0.14% 3.95% 0.00%
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Current Ideas for Collection of Solid Debris at NIF| || BB

(compliments of D. Shaughnessy, U. Greife, R. Rundberg)

Solid Debris Collection Will Be Very Challenging

* Requires high efficiency and large solid angle

* Collector must be able to survive ablation and
shock

» Ease of deployment into the chamber and post-
shot removal must be considered

* Plasma condensation chemistry, debris
velocities and temperatures are not known for
the NIF environment

Colorado School of Mines (U. Greife)

NIF :.sule

Debris enters a spheric
collector located close to
the target — collector is
removed for debris
analysis

Debris field

Collector

LLNL Idea — lon Collection on a Biased Grid

g

2. Debris attaches to
KCI aerosols forming
N ionic particles

d

/oy

yd
KCI aerosols »Z

NN

1. Ab@bﬁq/w\vaponzes

KCI coated on a plastic

3. lons attach to a
biased grid unfolded
from a DIM

LANL Debris Collector — Testing at Omega

Combination
debris collector /
beta detector will
be fielded inside
the NIF chamber
for measuring
triton reactions
in situ

_09 .



Option 1: **™Am was suggested as an ideal ||| g
case for measuring NEEC by Palffy et al.,

k endi
PRL 99, 172502 (2007) PHYSICAL REVIEW LETTERS 26 OCTOBER 2007

g E

52.7 keV 3

Isomer Triggering via Nuclear Excitation by Electron Capture
Adriana Palffy,” Jorg Evers,” and Christoph H. Keitel* 48.6 keV

(Received 23 July 2007; published 25 October 2007)

Max-Planck-Institut fiir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany 1 4 1 y ears

Triggering of long-lived nuclear isomeric states via coupling to the atomic shells in the process of
nuclear excitation by electron capture (NEEC) is studied. NEEC occurring in highly charged ions can
excite the isomeric state to a triggering level that subsequently decays to the ground state. We present total
cross sections for NEEC isomer triggering considering experimentally confirmed low-lying triggering
levels and reaction rates based on realistic experimental parameters in ion storage rings. A comparison
with other isomer triggering mechanisms shows that, among these, NEEC is the most efficient.

5_

0 keV ¥ 1

242 Am

. 27% g
k2
8i

TABLE II. Total resonance strengths S for NEEC and x-ray
triggering of isomers. NEEC occurs in the n/; orbital. The
continuum electron energy at the resonance is denoted by E,.

1—‘52.7 —48.6 Electron Beam

4X nl; E. (keV) Nere (beV)  SL (b eV)
BMo  3p3p 2113 9.1 X 107° 1.4 x 1078
3?Eu 2512 5.204 3.4 x 1074 6.5 X 1073
IBHE  1s;, 51373 2.0 X 1077 54 %1078
90s  1sy,  131.050 1.2 X 1073 22X 1072
294Pb 2p3p 55.138 I XT10 8.7 X 1076
U 2p1 21.992 1.3 X 107! 1.3 x 1072
3¥AM  5p;y), 0.135 3.6 X 1073 24 x 1078

16 hours

Joint venture
With
LLNL

Youngstown

Surrey
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