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We are all made of dead stars!

1990  “The nitrogen in our DNA,
the calcium in our teeth,
the iron in our blood,
the carbon in our apple pies
were made in the interiors
of collapsing stars.

We are made of starstuff.”
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hitps://en.wikipedia.org/wiki/Pale

https://www.goodreads.com/book /show/55030.Cosmos

2024-09-23 - Single Atom Microscope 2




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

Pt s i o : ~Mmmmmow

Cal TecI Te I TeI Hy
4207 4238 4262 4297 4340

Technetium in the Stars

Paul W. Merrill
Mount Wilsom 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 million years. Ce 3502 |

The speetrum of technetium was thoroughly investi- T Ppe 127
gated in 1950 by Meggers and Secribner at the National | Pc 192
Bureau of Standards. Their work has made astronomical .. Pc 68
investigations pessible. In- 195Y Charlotte E. Moore an- .1 Pc 110
nounced the possible presence of weak lines of ionized | Pc 124
technetium in the solar spectrum. o st e 137
i Pe 115
Pc 112

It is surprising to find an unstable element in the cue i) 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 .. Ce 3390
stars represent a comparatively transient phase of stellar co..| Pc 40
existence.

Science 115, 484 (1952) Rev. Mod. Phys. 29, 547 (1957) Astrophys. J. 116, 21 (1952)
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B2FH (then) + AJP Resource Letter (now)

REVIEWS OF
MODERN PHYSICS

VoruME 29, Numser 4 OcroBer, 1957

Synthesis of the Elements in Stars*
E. MARGARET BURBIDGE, G. R. BURBIDGE, WiLLiAM A. FOWLER, AND F. HOVLE

Kellogg Radiation' Laboratory, California Institute of Technology, and
Mount Wilson and Palomar Observatories, Carnegie Institution of Washington,
California Institute of Technology, Pasadena, California

“It is the stars, The stars above us, govern our conditions”;
(King Lear, Act IV, Scene 3)
but perhaps

“The fault, dear Brutus, is not in our stars, But in ourselves,”
(Julius Caesar, Act I, Scene 2)

2024-09-23

American Journal of Physics

PHYSICS EDUCATION®

HOME BROWSE COLLECTIONS v PUBLISHWITHUS v ABOUT v MORE FH

RESOURCE LETTERS | OCTOBER 01 2024
Resource Letter: Synthesis of the elements in stars
©3
Artemis Spyrou
M) Check for updates

Am. J. Phys. 92, 731-736 (2024)
https://doi.org/10.1119/5.0209176  Article history &

$4 standard view f3) pPoF

o8 share v

(© Reprints and Permissions

& Tools v

This Resource Letter provides a guide to the literature on the field of nuclear
astrophysics, and particularly the origin of the elements. Nuclear astrophysics is a
multidisciplinary field that aims at understanding where everything we see around us
comes from and how it came to be. Astronomical observations, astrophysics
modeling, and nuclear physics experiment and theory come together to answer
important questions like: Where and how are the elements created? How do stars
evolve? What drives the different types of stellar explosions? What is left behind after
the cataclysmic death of a star? This Resource Letter presents our current
understanding of the origin of the various chemical elements, together with modern
research and new developments in the field, with a particular focus on the

measurement of nuclear properties for astrophysical applications.
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Where do the iPhone Elements Come From?

ELEMENTS COLOURKEY: @ ALKALI METAL @ ALKALINE EARTH METAL

SCREENO
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Indium

50

Sn

Si

Silicon

Li

Lithium

6
Carbon ] Aluminium

TRANSITION METAL @ GROUP 13 @ GROUP14 @ GROUP15 @ GROUP16 @ HALOGEN @ LANTHANIDE

Indium tin oxide is a mixture of
indium oxide and tin oxide, used
in a transparent film in the screen
that conducts electricity. This allows
the screen to function as a touch
screen.

The glass used on the majority of
smartphones is an aluminosilicate
glass, composed of a mix of alumina
(AL,O,) and silica (SiO,). This glass
also contains potassium ions, which
help to strengthen it.

A variety of Rare Earth Element
compounds are used in small
quantities to produce the colours
in the smartphone’s screen. Some
compounds are also used to reduce
UV light penetration into the phone.

Copper is used for wiring in the
phone, whilst copper, gold and silver
are the major metals from which
microelectrical components are
fashioned. Tantalum is the major
component of micro-capacitors.

Nickel is used in the microphone as well
as for other electrical connections. Alloys
including the elements praseodymium,
gadolinium and neodymium are used
in the magnets in the speaker and
microphone. Neodymium, terbium and
dysprosium are used in the vibration unit.

Pure silicon is used to manufacture
the chip in the phone. It is oxidised
to produce non-conducting regions,
then other elements are added in
order to allow the chip to conduct
electricity.

Tin & lead are used to solder
electronics in the phone. Newer lead-
free solders use a mix of tin, copper
and silver.

The majority of phones use lithium ion batteries,
which are composed of lithium cobalt oxide as a
positive electrode and graphite (carbon) as the
negative electrode. Some batteries use other
metals, such as manganese, in place of cobalt.
The battery’s casing is made of aluminium.

Magnesium compounds are alloyed to make
some phone cases, whilst many are made
of plastics. Plastics will also include flame
retardant compounds, some of which contain
bromine, whilst nickel can be included to
reduce electromagnetic interference.

OELECTRONICS
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@ © COMPOUND INTEREST 2014 - WWW.COMPOUNDCHEM.COM | Twitter: @compoundchem | Facebook: www.facebook.com/compoundchem
Shared under a Creative Commons Attribution-NonCommercial-NoDerivatives licence.

SOEC

htp://www.compoundchem.com/wp-content/uploads/2014,/02/The-Chemical-Elements-of-a-Smartphone-v2.png
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ELEMENTS COLOURKEY: @ ALKALI METAL @ ALKALINE EARTH METAL

SCREENO
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6
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TRANSITION METAL @ GROUP 13 @ GROUP 14 @ GROUP 15

Indium tin oxide is a mixture of
indium oxide and tin oxide, used
in a transparent film in the screen
that conducts electricity. This allows
the screen to function as a touch
screen.

The glass used on the majority of
smartphones is an aluminosilicate
glass, composed of a mix of alumina
(AL,O,) and silica (SiO,). This glass
also contains potassium ions, which
help to strengthen it.

A variety of Rare Earth Element
compounds are used in small
quantities to produce the colours
in the smartphone’s screen. Some
compounds are also used to reduce
UV light penetration into the phone.

Copper is used for wiring in the
phone, whilst copper, gold and silver
are the major metals from which
microelectrical components are
fashioned. Tantalum is the major
component of micro-capacitors.

Nickel is used in the microphone as well
as for other electrical connections. Alloys
including the elements praseodymium,
gadolinium and neodymium are used
in the magnets in the speaker and
microphone. Neodymium, terbium and
dysprosium are used in the vibration unit.

Pure silicon is used to manufacture
the chip in the phone. It is oxidised
to produce non-conducting regions,
then other elements are added in
order to allow the chip to conduct
electricity.

Tin & lead are used to solder
electronics in the phone. Newer lead-
free solders use a mix of tin, copper
and silver.

r-process (“rapid” neutron capture)

@ GROUP16 @ HALOGEN @ LANTHANIDE

OELECTRONICS
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The majority of phones use lithium ion batteries,
which are composed of lithium cobalt oxide as a
positive electrode and graphite (carbon) as the
negative electrode. Some batteries use other
metals, such as manganese, in place of cobalt.
The battery’s casing is made of aluminium.

Magnesium compounds are alloyed to make
some phone cases, whilst many are made
of plastics. Plastics will also include flame
retardant compounds, some of which contain
bromine, whilst nickel can be included to
reduce electromagnetic interference.

O CASING
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@ © COMPOUND INTEREST 2014 - WWW.COMPOUNDCHEM.COM | Twitter: @compoundchem | Facebook: www.facebook.com/compoundchem
Shared under a Creative Commons Attribution-NonCommercial-NoDerivatives licence.
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Neutron Capture Time < Radioactive Half-life

ELEMENTS COLOURKEY: @ ALKALI METAL @ ALKALINE EARTH METAL
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TRANSITION METAL @ GROUP 13 @ GROUP 14 @ GROUP 15

Indium tin oxide is a mixture of
indium oxide and tin oxide, used
in a transparent film in the screen
that conducts electricity. This allows
the screen to function as a touch
screen.

The glass used on the majority of
smartphones is an aluminosilicate
glass, composed of a mix of alumina
(AL,O,) and silica (SiO,). This glass
also contains potassium ions, which
help to strengthen it.

A variety of Rare Earth Element
compounds are used in small
quantities to produce the colours
in the smartphone’s screen. Some
compounds are also used to reduce
UV light penetration into the phone.

Copper is used for wiring in the
phone, whilst copper, gold and silver
are the major metals from which
microelectrical components are
fashioned. Tantalum is the major
component of micro-capacitors.

Nickel is used in the microphone as well
as for other electrical connections. Alloys
including the elements praseodymium,
gadolinium and neodymium are used
in the magnets in the speaker and
microphone. Neodymium, terbium and
dysprosium are used in the vibration unit.

Pure silicon is used to manufacture
the chip in the phone. It is oxidised
to produce non-conducting regions,
then other elements are added in
order to allow the chip to conduct
electricity.

Tin & lead are used to solder
electronics in the phone. Newer lead-
free solders use a mix of tin, copper
and silver.

@ GROUP16 @ HALOGEN @ LANTHANIDE

OELECTRONICS
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The majority of phones use lithium ion batteries,
which are composed of lithium cobalt oxide as a
positive electrode and graphite (carbon) as the
negative electrode. Some batteries use other
metals, such as manganese, in place of cobalt.
The battery’s casing is made of aluminium.

Magnesium compounds are alloyed to make
some phone cases, whilst many are made
of plastics. Plastics will also include flame
retardant compounds, some of which contain
bromine, whilst nickel can be included to
reduce electromagnetic interference.
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SOEC

htp://www.compoundchem.com/wp-content/uploads/2014,/02/The-Chemical-Elements-of-a-Smartphone-v2.png

2024-09-23 SPS - Single Atom Microscope




Neutron Star Mergers: Site of the r-process?

Illustration by Robin Dienel courtesy of the Carnegie Institution for Science.
https://carnegiescience.edu/news/new-era-astronomy-begins-first-ever-observation-two-neutron-stars-colliding
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Neutron Capture Time > Radioactive Half-life
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TRANSITION METAL @ GROUP 13 @ GROUP14 @ GROUP15 @ GROUP16 @ HALOGEN @ LANTHANIDE

Indium tin oxide is a mixture of
indium oxide and tin oxide, used
in a transparent film in the screen
that conducts electricity. This allows
the screen to function as a touch
screen.

The glass used on the majority of
smartphones is an aluminosilicate
glass, composed of a mix of alumina
(AL,O,) and silica (SiO,). This glass
also contains potassium ions, which
help to strengthen it.

A variety of Rare Earth Element
compounds are used in small
quantities to produce the colours
in the smartphone’s screen. Some
compounds are also used to reduce
UV light penetration into the phone.

Copper is used for wiring in the
phone, whilst copper, gold and silver
are the major metals from which
microelectrical components are
fashioned. Tantalum is the major
component of micro-capacitors.

Nickel is used in the microphone as well
as for other electrical connections. Alloys
including the elements praseodymium,
gadolinium and neodymium are used
in the magnets in the speaker and
microphone. Neodymium, terbium and
dysprosium are used in the vibration unit.

Pure silicon is used to manufacture
the chip in the phone. It is oxidised
to produce non-conducting regions,
then other elements are added in
order to allow the chip to conduct
electricity.

Tin & lead are used to solder
electronics in the phone. Newer lead-
free solders use a mix of tin, copper
and silver.

The majority of phones use lithium ion batteries,
which are composed of lithium cobalt oxide as a
positive electrode and graphite (carbon) as the
negative electrode. Some batteries use other
metals, such as manganese, in place of cobalt.
The battery’s casing is made of aluminium.

Magnesium compounds are alloyed to make
some phone cases, whilst many are made
of plastics. Plastics will also include flame
retardant compounds, some of which contain
bromine, whilst nickel can be included to
reduce electromagnetic interference.
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s-process (“slow” neutron capture)

TRANSITION METAL @ GROUP 13 @ GROUP14 @ GROUP15 @ GROUP16 @ HALOGEN @ LANTHANIDE

Indium tin oxide is a mixture of
indium oxide and tin oxide, used
in a transparent film in the screen
that conducts electricity. This allows
the screen to function as a touch
screen.

The glass used on the majority of
smartphones is an aluminosilicate
glass, composed of a mix of alumina
(AL,O,) and silica (SiO,). This glass
also contains potassium ions, which
help to strengthen it.

A variety of Rare Earth Element
compounds are used in small
quantities to produce the colours
in the smartphone’s screen. Some
compounds are also used to reduce
UV light penetration into the phone.

Copper is used for wiring in the
phone, whilst copper, gold and silver
are the major metals from which
microelectrical components are
fashioned. Tantalum is the major
component of micro-capacitors.

Nickel is used in the microphone as well
as for other electrical connections. Alloys
including the elements praseodymium,
gadolinium and neodymium are used
in the magnets in the speaker and
microphone. Neodymium, terbium and
dysprosium are used in the vibration unit.

Pure silicon is used to manufacture
the chip in the phone. It is oxidised
to produce non-conducting regions,
then other elements are added in
order to allow the chip to conduct
electricity.

Tin & lead are used to solder
electronics in the phone. Newer lead-
free solders use a mix of tin, copper
and silver.

The majority of phones use lithium ion batteries,
which are composed of lithium cobalt oxide as a
positive electrode and graphite (carbon) as the
negative electrode. Some batteries use other
metals, such as manganese, in place of cobalt.
The battery’s casing is made of aluminium.

Magnesium compounds are alloyed to make
some phone cases, whilst many are made
of plastics. Plastics will also include flame
retardant compounds, some of which contain
bromine, whilst nickel can be included to
reduce electromagnetic interference.
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A Chemist’s View of the Periodic Table

Exploding Human synthesis
& low-mass massive i No stable isotopes
stars —"

Cosmic Merging Exploding
ray neutron white

fission stars dwarfs Al . Si
R Py

Sas sl N 20 Moz sBez sCoz NIz uGe: sdns ilSas: e

19 20 21 22 23 24 25 26 27 28 29 30 31 32

Rb s sdGss uubis: shlbon siboss saliga Bl Rh_ Pd Ag Cd

B R R RN T e 47 48
lr Pt Au Hg T
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La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho
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89 90 91 92 93223 2229 4css aes

File:Nucleosynthesis periodic table.svg. (2020, March 7). Wikimedia Commons, the free media repository. Retrieved 16:41, May 24, 2020
from https://commons.wikimedia.org/w/index.php?itle=File:Nucleosynthesis_periodic_table.svg&oldid=402170545.
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A Nuclear Physicist’s View of the “Periodic Table”

https://www-nds.iaea.org/relnsd /vcharthtml /VChartHTML.html
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Nuclear Fusion Reactions Up To About >°Fe

https://www-nds.iaea.org/relnsd /vcharthtml /VChartHTML.html
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What is the source of neutrons
that drives the “slow” neutron capture process?

s-process

neutron number
https://www-nds.iaea.org/relnsd /vcharthtml /VChartHTML.html
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“Rate Determining Step”

2Ne+a — *°Mg+n

Opposite charges attract
but similar charges repel

SPS - Single Atom Microscope




Fusion Reaction is Unlikely Due To “Coulomb Barrier”

Coulomb
Barrier

Collisional
Energy

repulsion

P
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.-l':‘l
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<
i
v
e
-
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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
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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
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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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4

Goldilocks Energy Range: “Gamow Window’
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What do we mean by “measure”?

We want to measure the likelihood that the reaction will happen.
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What do we mean by “measure”?

We want to measure the likelihood that the reaction will happen.
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What do we mean by “measure”?

We want to measure the likelihood that the reaction will happen.
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What do we mean by “measure”?
%

%

We want to measure the likelihood that the reaction will happen.
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What do we mean by “measure”?
Ny %

4 N

Target d A d

N N, b N, tO Ad
d—T\| — A

T At 4 d2

We want to measure the likelihood that the reaction will happen.
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What do we mean by “measure”?
Ny %

4 N

Target d A d

effective cross
sectional area

At or

scattering

Nb Nt cross section

We want to measure the likelihood that the reaction will happen.
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The Old Method: Count the Neutrons

Neutron Detector

Detecting neutrons is very difficult — you lose all information about the
energy of the neutron.

2024-09-23 SPS - Single Atom Microscope




Bad: 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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Good: 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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22Ne+*He: Key Source of Neutrons for s-Process

terra incognita |, observed resonances > 2N]e (OL n) 251\/[g
7
‘ | | l 1

background
limit of Jaeger 01

commissioning
goal for SAM

potential sensitivity '
of underground labs :
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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.
(1 pb) (10'7 /em?) (150 pA) = 5/day
(1 fb) (10" /cm?) (2.1 mA) = 7/day
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The New Method: Count the 2>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 107 beam rejection efficiency, which is not quite good enough!
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Towards Sub-Picobarn Cross Section Sensitivity

| >
terra incognita | observed resonances > 2Ne (OL n) ZSMg

| | l 1

background
limit of Jaeger 01

commissioning
goal for SAM

potential sensitivity '
of underground labs ' |

JHHHI‘ \HHH| HHHH‘ HHHH‘ HHHH‘ TTTT

long term goal
. _ forSAM (1fb)

HHHH! JHHHﬂ \HHH! HHHH‘ HHHH‘ HHHH‘ L1

'S
T
B
=
~
S
o
B
O
<]
2]
9]
N
©)
.
o
N—"
0

[
| lowest nonzero

| measured cross section
\ ] \
0.7 0.8

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
10-10%° beam rejection ratios. (1 fb) (1019/Cm2) (2.1 mA) = 7/day
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Single Atom Microscope Concept

CAPTURE DETECTION
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\_SUbsmte CCD camera

noble gas
film™

——— optical

'. '
' bandpass filter
< product (recoil)
unreacted | atoms laser excitation —— s N\

beam atoms dichroic mirror
/

|
|
[

A aN

imaging lens [ ]

fluorescence light

recoil cone

substrate —|

—noble gas
film

vacuum vessel

beam atoms
Bl — beam dump

PRC 99, 065805 (2019)
Inspired directly from Ba-tagging concept for vOBf3:

Moe PRC 44 R931(R) (1991)
Chambers et al. Nature 569 p203 (2019)
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Efficiency: Capture Every Product Atom

laser P
0.03to7 W XY—Compensator E

~200-1000 nm
1R " optlcal CCD
filters camera
ion source target recoil separator
0.1to2.1 mA (0.01 to 1)x10"/cm? 10° beam rejection

cryocooled aspheric spatial
substrate lens filters

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

XY-scanner ..-

laser -
0.03to7W XY—Compensator E

~200-1000 nm
" optlcal CCD
filters camera
ion source target recoil separator
0.1to2.1 mA (0.01 to 1)x10"/cm? 10° beam rejection

cryocooled aspheric spatial
substrate lens  filters

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

XY-scanner ..-

laser -
0.03to7W XY—Compensator E

~200-1000 nm
" optlcal CCD
filters camera
ion source target recoil separator
0.1to2.1 mA (0.01 to 1)x10"/cm? 10° beam rejection

cryocooled aspheric spatial
substrate lens  filters

Efficient: cryogenic 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

A 17 diameter
CaF, substrate

Recoil separator is needed to: Lo S | A Green

. . . . Light : :)fslgg)resc)ence
e minimize heat load on film from beam (388 m) nm

« discriminate between isotopes

1Yb:10°Ne
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How do you take a picture of an atom?

Super expensive
fancy laser

2024-09-23

Super expensive
fancy camera

Camera image

Light scattered
from atom

v
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Image of Single Atom Suspended in Vacuum

ATTA: Wei Jiang, Argonne
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Taking a picture of an atom in solid is hard...

Super expensive
fancy camera

2024-09-23

Camera image

Atom we care about
>

Light scattered
from all atoms

v
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Taking a picture of an atom in solid is possible!

Super expensive
fancy camera

Camera image

Atom we care about

Super expensive
P P >

—

Light scattered
from all atoms

v
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Taking a picture of an atom in solid is possible!

Super expensive
fancy camera

Dirt cheap

Color filter ,
Camera image

Atom we care about

Super expensive
P P —

fancy laser

k/ \

from all atoms

v
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Single Emitter Imaging in Condensed Media

B

Betzig et al., Science, 2006, 313, 1642-164
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
2024-09-23 SPS - Single Atom Microscope

—

A 1”7 diameter
CaF, substrate

Green
—¥ Fluorescence

\ (565 nm)

Yb in s-Ne:
\ % PRL 107, 093001
PRL 113, 033003
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Prototype Single Atom Microscope

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

UHYV 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
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SRIM 2013

1

Kr*3® in solid Kr

10~
beam energy (MeV/nucleon)

SPS - Single Atom Microscope

Ne*'? in solid Ne
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Growing Noble Gas Thin Films

. MKS Baratron 626C
GaS Handllng System pressure gauge
_PID control

purifier prototype Single Atom Microscope

UL H><HD><H i,
S - W,

Pfeiffer EVR116 \v 2
control valve buffer volume

=

\

|
i,

=N

%

noble gas
getter purifier liquid Nitrogen
cold trap

|_substrate

caplllaly mount

tubing

|

supply heater

vacuum pump
system

T

flexible tubing valve flow direction w;L‘substrate

== P -

shield

temp. sensors
H

— —
%} I~
S S

\O
o0
—
o
S

Baratron Pressure (Torr)

\O
(o))

Laser Transmission (arb.)

o
S

O
=

238 240 242 244
Time (min)
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There is an art to growing transparent films.

clear cloudy hazy

1 inch
diameter

sapphire

broken
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Film transparency is temperature dependent.
Film Quality (Transmission vs. Wavelength), pSAM v1.4, Krypton films
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36 38 40
Deposition Temperature (K)

600 700 800
Wavelength (nm)
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Mie Scattering From ”Vacuum Bubbles” in Solid

Non-Uniform Thin Film Interference and Bubble Non-Uniform Thin Film Interference and Bubble
Model Compared to Measurements at 40 K Model Compared to Measurements at 36 K

—— Data —— Data
1.10 9 —— Model —— Model

1.05 A

1.00 A

0.95 -

0.90

Transmission Ratio

o
=)
©
oc
c
.2
]
B
€
1]
c
o
'_

0.85 -

0.80 A

300 400 500 600 700 800 900 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Oscillations due to an “anti-reflection coating” effect due to the
presence of a nonuniform thin film on the back of the substrate
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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

2024-09-23

120
Excitation/ Emission Energy [10% cm™'] J. Chem. Phys. 137, 014507 (2012)
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Neutral Rb Embedded into Kr From An “Effusive Oven”

~1 mW excitation
from
Aspheric Lens

700-760 nm
1" Plano-Convex Lens  Pellicle Beamsplitter ACL2520U-A. £20. 1mm

LA1134-B, f=60mm / BP058
MSquared
" ISOLSTIS laser

[ Thorlabs
Power Meter Ontical Fib
PSAM imaging chamber prica; H1bet Wavemeter

PM120VA 630HP, 85m

o 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
{

)

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

1e8

P=0.10 mW

fit

individual peaks

no film, P= 6.05 mW
empty film, P=5.44 mW

(9

B

W

—
w2
£
<
Z
=
=
o
@)
s
N
o
=

\®]

720 730 740
Excitation Wavelength (nm)
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“ReA3” Beamline @ FRIB

lons Embedded In Kr From A Realistic “Beamline”

Oceanview
White Light Source @

DH-2000-S-DUV-TTL

Oceanview
Fiber Collimator
74-UV

Thorlabs

1-cm aperture

Faraday cup

A N
B\

1on beam

ECR & EBIT ion sources
Superconducting Radiofrequency Linac
1.7 MeV/u beams of 8Kr*3! and 85Rb+*31
10° ions per second moving at ~6% of c

2024-09-23 SPS - Single Atom Microscope

Optical Fiber < { ‘~-—>
MHP550L02 S

. DPSAM growth chamber

Y Focusing Lens
LA1951-A
f=25.4mm

Computer

Thorlabs
Optical Fiber
MHPS550L02

Oceanview Spectrometer
Flame-S-VIS-NIR-ES




0.01 inch Film of Kr After 12 Hours
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0.01 inch Film of Kr After Temperature Shock
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Film transparency is robust against damage.
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Implanted Rb*3! spectrum resembles neutral Rb!

Fluorescence spectrum time dependence, 3°Rb beam

6.0E+03 1

5.0E+03 4

3.0E+03 -

=
g
‘g
£
g
]
=
3
]
S
£

2.0E+03 1 fresh film

/ day 0

day 1

day 2 (before annealing)
LOE+03 1 day 3 (after annealing)

day 4

740 760 780 800
Excitation Wavelength (nm)
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Fluorescence Light from 10! Kr ions vs. 10'° Rb ions

Fresh Film

600 800
x (px)
Fresh Film

53 hr of Kr beam

600 800
X (px)

11 hr of Rb beam

85Rb+31

=)

(]

EEN

counts mm%/s

D)
counts mm-</s




Prospects of Single Atom Sensitivity

Neutral Rb Implanted Barium in “Typical” Single
parameter from Rb*31 ions solid Xenon Molecule
effusive oven from ReA3 for nEXO Experiment

measured 100000x10? 1x10° 0.4x103
background rate cps/mW cps/mW cps/mW

fluorescence (2.3 +/-1.7) >(9.2 +/- 2.8) ~0.1 ~0.3
cross section x10716 ¢m?2 x10716 cm?2 x10716 cm? x10716 cm?

quantum i )
efficiency 3.1+/-08)% >(12+/-8)% >10% >10%

Refs this work PRA 91, 022505 (2015) ARPC 1997. 48:181
Nature 569 203 (2019) 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 comparable to other
successful single emitter imaging experiments.

. Next up: study LIF of Rb in solid Kr
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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” UVES viewports ~green

needs more study

Cr3* 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)
(nm)

(455 & 332) 4.2E-1 (estimated)

(245) 5.5E8 (estimated)
472 & 518 2.5E1 JCP 101, 10354-65, 1994

296 5.0E8 LTP 38, 679-87, 2012

(657 & 1953) 2.6E3 (estimated)

(689 & 2739) 4.7E4 (estimated)

(326 & 480) 4.1E5 (estimated)
(408) 1.9E8 (estimated)

546 & (1540) 1.1E6 PRL 107:093001, 2011
890 ~5E7 JCP 73, 3103-6, 1980
720 4.6E7 JCP 69, 1670-5, 1978
900 ~5E7 JCP 70, 2404-8, 1979
830 ~5E7 JCP 78, 592-3, 1983
970 ~5E7 JCP 78, 592-3, 1983
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