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“It is surprising to find an unstable element in the stars.”
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Technetium in the Stars

Paul W. Merrill
Mount Wilsos and Palomar Observatories

Technetium, the first ¢¢artificial’’ element, was identi-
fied in 1937 by Perrier and Segré in a piece of molyb- ‘ ABSORPTION
denum that had been bombarded with neutrons in the
cyclotron at Berkeley. Technetium has also been detected
among the produets of fission ef heavy atoms. No com-
pletely stable isotope is known; the most nearly stable
has a half-life less than a m.11110n years. |

The spectrum of technetium was thoroughly investi- R Andqs f 195 3‘;%%
gated in 1950 by Meggers and Scribner at the National [ 22649 | Pc 192
Bureau of Standards. Their work has made astronomical R Gem....! Pc 68
investigations pessible. In- 195 Charlotte E. Moore an- S UMa.. .| Pc 110
nounced the possible presence of weak lines of ionized ' Pc 124
technetium in the solar spectrum. oo Pe 137
. Pe 1415
Pc 112

It is surprising to find an unstable element in the Ce 3762
stars. Either (1) a stable isotope actually exists although JCe 4109
not yet found on earth; or (2) S-type stars somehow 1Ce 5925
produce technetium as they go along; or (3) S-type oo Ce 3390
stars represent a comparatively transient phase of stellar coo.| Pc 40
existence.

Science 115, 484 (1952) Rev. Mod. Phys. 29, 547 (1957) Astrophys. J. 116, 21 (1952)
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A Chemist’s View of the Periodic Table
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File:Nucleosynthesis periodic table.svg. (2020, March 7). Wikimedia Commons, the free media repository. Retrieved 16:41, May 24, 2020
from hitps://commons.wikimedia.org/w/index.php?title=File:Nucleosynthesis_periodic_table.svg&oldid=402170545.
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A Nuclear Physicist’s View of the “Periodic Table”

proton number

neutron numbetf —-—m o s
https://www-nds.iaea.org/relnsd /vcharthtml /NChartHTML himl
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Nuclear Fusion Reactions Up To About Fe-56

proton number

neutron numbetf —-—m o s
https://www-nds.iaea.org/relnsd /vcharthtml /NChartHTML himl
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What is the source of neutrons
that drives the “slow” neutron capture process?

S-process

proton number

neutron number
https://www-nds.iaea.org/relnsd/vcharthiml /VChartHTML. html
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“Traditional Method”: Count the Product Neutrons

Neutron Detector
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Challenge: Cosmic Ray Induced Neutron Background
Cosmic Rays produce

high energy neutrons

Neutron Detector

Detecting neutrons is very difficult — you lose all information about the
energy of the neutron.
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The Beautiful Jaeger 2001 Experiment
Cosmic Rays produce
igh energy neutrons

Veto Detector

Neutron Detector

Veto detector that registers a “hit” simultaneously as the neutron
detector helps rule out background neutrons...great but not perfect.
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“Modern Technique”: Count the Product ?>Mg Atoms

3

Detector

Recoil Separator
(Ion Optics)

Electromagnetic recoil separator collects all of the products, separates
them from the beam, and counts everything that makes it through.
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Recoil Separators Are Awesome But Not Perfect!

Detector

Recoil Separator
(Ion Optics)

The best recoil separators only let 1 beam atom through out of 100,000,000,
000,000,000 or 10 beam rejection efficiency, which is not quite good enough!
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Towards Sub-Picobarn Cross Section Sensitivity
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Adapted from Figure 3(b) of

Annu. Rev. Astron. Astrophys.
E_. (center of mass energy) [MeV] 2012. 50:165-210

Underground labs are expected to have a factor of 100 or less background.

Recoils separators would need (1 pb) (1017/ Cm2> (150 pA) = 5/day
101°-10%° beam rejection ratios. (1 fb) (1019/cm2) (2.1 mA) = 7/day
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Single Atom Microscope Concept

laser
0.03to7 W
~200-1000 nm

XY-scanner .-

CCD
camera

optical
filters

ion source
0.1to2.1 mA

target
(0.01 to 1)x10"/cm?

recoil separator
10° beam rejection

CAPTURE

LT \\\\\\\s N —substrate

noble gas

film— *
.
2. product (recoil)
unreacted | atoms

beam atoms

recoil cone
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[

O
beam atoms ‘
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cryocooled
substrate

aspheric spatial
lens filters

DETECTION

CCD camera

optical
bandpass filter

laser excitation —
dichroic mirror
/

fluorescence light

imaging lens f

substrate —|

vacuum vessel

PRC 99, 065805 (2019)

el — beam dump
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Capture Every Product Atom

laser
0.03to7 W
~200-1000 nm

*V“'optical CCD
filters camera
ion source target recoil separator Q
0.1to2.1mA (0.01 to 1)x10"/cm? 10° beam rejection

cryocooled aspheric spatial
substrate lens filters

« Efficient: cryogenic NG film captures everything (both products and beam)
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Count Only Product Atoms

laser -
0.03to7W XY-compensator
~200-1000 nm

.

- 'optical CCD
filters camera

ion source target recoil separator |I
0.1t02.1 mA (0.01 to 1)x10%/cm? 10° beam rejection |

cryocooled aspheric spatial
substrate lens filters

« Efficient: cryogenic NG film captures everything (both products and beam)
 Selective: product atoms identified by localized resonant laser excitation
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Challenge: Single Atom Sensitivity

laser
0.03to7 W
~200-1000 nm

*V“'optical CCD
filters camera
ion source target recoil separator Q
0.1to2.1mA (0.01 to 1)x10"/cm? 10° beam rejection

cryocooled aspheric spatial
substrate lens filters

Efficient: cryogenic NG film captures everything (both products and beam)

Selective: product atoms identified by localized resonant laser excitation

Sensitive: large shift (few nm to 100’s of nm) between excitation spectrum
and emission spectrum coupled with spatial & optical filtering
makes optical single atom detection feasible

\ 1”7 diameter
CaF, substrate

Recoil separator is needed to: Laser |/ Greer
Light —> , —» Fluorescence

 minimize heat load on NG film from beam (388 nm) T ISR
* discriminate between isotopes

Y
1Yb:10° Ne
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Prototype SAM

Pulsed Tube Cryocooler
* <10 micron amplitude vibrations
* 1.3 W cooling power

UHV compatible vertical linear drive
* up to 300 mm in travel
* <10 micron position repeatability

2.5” clear aperture

* 2% light collection w/ single aspheric lens
* DUV Fused Silica

DAMOP G05.00001 Singh




We need 100 pum thick films to fully stop ions.

Ne*'?in solid Ne Kr*3® in solid Kr
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Growing Noble Gas Thin Films

Gas Handling System

2020-06-03
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There is an art to growing transparent films.

clear cloudy

1 inch
diameter

sapphire
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Film Transparency is temperature dependent.
Film Quality (Transmission vs. Wavelength), pSAM v1.4, Krypton films
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“ReA3” Beamline @ NSCL

Oceanview
White Light Source @
DH-2000-S-DUV-TTL

Oceanview
Fiber Collimator
74-UV

Thorlabs
Optical Fiber
MHP550L.02
1-cm aperture

Faraday cup

f \\\\ substrate

1on beam B e il
t N
/

N R

D X
krypton film \\\\ ' Focusing Lens
LAI951-A

@ @ g );\\\ :&/ f=25.4mm

Computer

ECR & EBIT ion sources |
Superconducting Radiofrequency Linac Optoa Fivr

1.7 MeV/u beams of 8Kr*3! and 85Rb+*3! R e
10° ions per second moving at ~6% of ¢ Flame-S-VIS-NIR-ES
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Film transparency is robust against damage.
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Start with Alkali Atoms!

Rb in solid Ar/Kr/Xe Rb in solid Ar
Wavelength [nm]

800 850 900 950 1000

Absorption Emission
band (A) peak (A)

7980 (peak) 8300
7760 (peak) 8300
7550 (peak) 8300

J. Chem. Phys. 78, 592 (1983)

140

2020-06-03

120
Excitation/ Emission Energy [102 cm™'] J. Chem. Phys. 137, 014507 (2012)
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Rb Fluorescence in Solid Kr

~1 mW excitation
from
Aspheric Lens 700'760 nm

1" Plano-Convex Lens  Pellicle Beamsplitter A -1 7520U-A_ £=20.1mm

LA1134-B, f=60mm / BP058
/ B i MSquared
SOLSTiS laser

[ Thorlabs

L Power Meter Optical Fiber
pPSAM 1mag1ngﬁ chafnbAer PM120VA 630HP. 85m Wavemeter

— WS6-600

2" Aspheric Lens Andor Clara
Edmund #67-281, f~40mm CCD Camera

ccd sensor

Dichroic Beamsplitter long-pass edge filter
Semrock Di102-R830-25x36 ~ Semrock BLP01-830R-25
N

CCD camera detects
fluorescence > 830 nm
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Neutral Rb Fluorescence (>830 nm) in Solid Kr

1e8
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Implanted Rb*3! spectrum resembles neutral Rb.

Fluorescence spectrum time dependence, >’ Rb beam
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Prospects of Single Atom Sensitivity

Barium in
solid Xenon
for nEXO

1x103
cps/ mW

(0.01 to 0.1)
x10716 cm?2

Neutral Rb Implanted
from Rb*3! ions

effusive oven from ReA3

100000x103
cps/mW

(2.3 +/-1.7) >(9.2 +/- 2.8)
x10716 ¢m?2 x10716 ¢m?

parameter

measured
background rate

fluorescence
Cross section

quantum

efficiency =0T )%

(3.1+/-0.8)% >(12+/-8)%

PRA 91, 022505 (2015)

this work Nature 569 203 (2019)

Refs

“Typical” Single
Molecule
Experiment

0.4x103
cps/ mW

~0.3
x10716 cm?2

>10%

ARPC 1997. 48:181
RSI 74 3597 (2003)

Challenge: Background counts is 10° times more than successful single emitter

experiments. Remedy: illuminate a smaller area of substrate + spatial filtering

Good: Most ions appear to be completely neutralized in medium.

Good: Rb fluorescence cross section appears to be x10 larger than for other

successful single emitter imaging experiments.
. Next up: study the effect of photobleaching.
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Thanks for your attention!

&

Ben Loseth

BS 2017 PhD 2019

now at
Notre Dame
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“...stars somehow produce Tc as they go along...”

Technetium in the Stars

Paul W. Merrill
Mount Wilsos and Palomar Observatories

Technetium, the first ¢‘artificial’’ element, was identi-
fied in 1937 by Perrier and Segré in a piece of molyb-
denum that had been bombarded with neutrons in the
cyclotron at Berkeley. Technetium has also been detected
among the produets of fission of heavy atoms. No com-
pletely stable isotope is known; the mest nearly stable
has a half-life less than a million years.

The spectrum of technetium was thoroughly investi-
gated in 1950 by Meggers and Scribner at the National
Bureau of Standards. Their work has made astronomical
investigations pessible. In- 195F Charlotte E. Moore an-
nounced the possible presence of weak lines of ionized
technetium in the solar spectrum.

It is surprising to. find an unstable element in the
stars. Either (1) a stable isotope actually exists although
not yet found on earth; or (2) S-type stars somehow
produce technetium as they go along; or (3) S-type
stars represent a comparatively transient phase of stellar
existence.

Nuclear reactions inside of stars...

°.. &

: By Kierish - Own work, CC BY-SA 4.0,
sdence 113, 484 (1937) htps://commons.wikimedia.org/w/index.php?curid=54378478
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“Rapid” Neutron Capture Process

r-process
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neutron numbetf —-—m o s
https://www-nds.iaea.org/relnsd /vcharthtml /NChartHTML himl
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Neutron Star Mergers: Site of the r-process?

Illustration by Robin Dienel courtesy of the Carnegie Institution for Science.
hitps://carnegiescience.edu/news/new-era-astronomy-begins-first-ever-observation-two-neutron-stars-colliding
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“Slow” Neutron Capture Process

S-process

r-process

—
Q
o)
£
S
c
c
o
-—
o
—
Q.

neutron numbetf —-—m o s
https://www-nds.iaea.org/relnsd /vcharthtml /NChartHTML himl

2020-06-03 DAMOP G05.00001 Singh 34




Fusion Reaction is Unlikely Due To “Coulomb Barrier”

Coulomb
Barrier

repulsion

Collisional
Energy

>
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whad
c
o

attraction

strong
nuclear
force

| \
0

distance between positively charged nuclei

In the quantum mechanical picture, the positively charged
nuclei repel each other but are able to interact via “Tunneling.”
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Reaction is Unlikely Due To “Coulomb Barrier”

Coulomb
Barrier

Collisional
Energy

repulsion

details of

nuclear o= — "’ ex —9 -
structure E b ( 77)
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strong collisional ratio of Fepulswe Coulomb energy —
nuclear energy at distance of closest approach

force to collisional energy
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0 10
distance between positively charged nuclei

In the quantum mechanical picture, the positively charged
nuclei repel each other but are able to interact via “Tunneling.”
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Collisional Energy = Temperature of Star
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22Ne+*He: Key Source of Neutrons for s-Process

terra incognita

observed resonances > 221\1e (OL n) ZSMg
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Adapted from Figure 3(b) of
Annu. Rev. Astron. Astrophys.
E__ (center of mass energy) [MeV] 2012. 50:165-210
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Goldilocks Energy Range: “Gamow Window
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Single Emitter Imaging in Condensed Media

1.0 um

Betzig et al., Science, 2006, 313, 1642-1645

Nobel Prize Chemistry 2014
Mature tools & techniques can be borrowed
from Single Molecule Biophysics!
Blue
Laser
Ba tagging for EXO Light —>
M. K. Moe PRC 44 R931 (1991) (388 nm)
W. Fairbank et al. @ Colorado State
Single Ba detection in s-Xe and

laser scanning have been demonstrated!

Nature 569, 203 (2019) 1Yb:10°Ne
2020-06-03 DAMOP G05.00001 Singh

A 1”7 diameter
CaF, substrate

Green
—¥ Fluorescence

\ (565 nm)

YDb in s-Ne:
\ % PRL 107, 093001
PRL 113, 033003
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Basic Concept of Measurement Using SAM

laser
0.03to7 W
~200-1000 nm

*V“'optical CCD
filters camera
ion source target recoil separator Q
0.1to2.1mA (0.01 to 1)x10"/cm? 10° beam rejection

cryocooled aspheric spatial
substrate lens filters

Efficient: cryogenic NG film captures everything (both products and beam)

Selective: product atoms identified by localized resonant laser excitation

Sensitive: large shift (few nm to 100’s of nm) between excitation spectrum
and emission spectrum coupled with spatial & optical filtering
makes optical single atom detection feasible

\ 1”7 diameter
CaF, substrate

Recoil separator is needed to: Laser |/ Greer
Light —> , —» Fluorescence

 minimize heat load on NG film from beam (388 nm) T ISR
* discriminate between isotopes

Y
1Yb:10° Ne
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Fluorescence yields from ion-implanted beams

Fresh Film 53 hr of Kr beam
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Main Technical Challenge:
Suppressing Sources of Optical Background

Impurity Source Wavelength

all surfaces excitation light blue

Notes
optical filter

Nitrogen  vacuum residual gas <200 nm

too far off resonance

Oxygen  vacuum residual gas < 245 nm

too far off resonance

Ozone vacuum residual gas <350 nm

too far off resonance

Water vacuum residual gas <210 nm

too far off resonance

“Stuff” UVFES viewports ~green

needs more study

Cr3t sapphire substrate = 690 nm + broadband tail

needs more study

Apiezon N inside cryostat broadband green

don’t use this

“Stuff” surface of substrate broadband green

needs more study

Plans to mitigate this:

 pre-photobleaching of impurities before measurement
« confocal optics

* aggressive surface treatments

* low impurity substrate materials
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Some SAM-Friendly Atoms

Species Excitation Emission (nm) Brightness (Hz) Notes
(nm)

Be (225) (455 & 332) 4.2E-1 (estimated)
(225) (245) 5.5E8 (estimated)
275 472 & 518 2.5E1 JCP 101, 10354-65, 1994
275 296 5.0ES8 LTP 38, 679-87, 2012
(423) (657 & 1953) 2.6E3 (estimated)
(461) (689 & 2739) 4.7E4 (estimated)
(229) (326 & 480) 4.1E5 (estimated)
388 (408) 1.9E8 (estimated)
388 546 & (1540) 1.1E6 PRL 107:093001, 2011
670 890 ~5E7 JCP 73, 3103-6, 1980
587 720 4.6E7 JCP 69, 1670-5, 1978
762 900 ~5E7 JCP 70, 2404-8, 1979
776 830 ~5E7 JCP 78, 592-3, 1983
834 970 ~5E7 JCP 78, 592-3, 1983
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