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HFS Interaction summary

HHFS	  	  =	  HE0	  +	  HM1	  +	  HE2	  +	  …	  
Shi9s:	  

Δ[MHz]	  =

Broadening:	  

δ[kHz]	  =

+	  	  	  0 +	  	  <100 ≤	  200	  MHz<100

0.01 +	  <10 +	  	  	  	  0 ≤	  10	  kHz

• 2nd Order Doppler à 1 Hz/K
• Zero-phonon transition mode 

dependence à ΤD ≥ 500 K
• Optical phonons frozen out (also possibly 

resolvable side-bands)
• Acoustic phonons don’t matter

Other	  effects:
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These notes detail how to calculate the excitation for the most general case of both laser and
transition linewidth. This is finally fixed for sure... except Sec. II hasn’t been updated! WGR-
1/23/2012

We take as our toy model a two level system with
ground state |gi and excited state |ei. The system is
also subject to a driving field with spectral irradiance,
E

∏

(!), defined via the total intensity, I, as
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where æ(!) is the photon absorption cross-section – i.e.
it’s just the number of photons per area multiplied by the
absorption cross-section. °

N

is decay rate from |ei ! |gi
(i.e. the natural linewidth). The cross-section is given in
terms of the transition line functions, g(!), as
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Basically, that’s it. The key is to remember that you’re
not convolving the transition linefuction, i.e. the cross-
section, with the intensity, you’re convolving it with the
spectral irradiance. For fun I’ll show a few cases in what
follows.

I. TWO LORENTZIANS

Suppose we have a transition broadened only to a
linewidth °
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and a radiation source described by a
Lorentzian of width ¢:
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Okay, the convolution of two Lorentzians is given as
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II. THORIUM EXCIATION VIA ALS BEAM

We take the worst-case scenario Thorium numbers as

°
N

= 2º £ 10 µHz
∏ = 163 nm

NTh = 1019 cm°3 £ 1 cm£ 170 µm£ 50 µm (15)

and the quoted ALS numbers are

¢ = 0.175 eV

I

~!

=
1016 photons

170 µm£ 50 µm
. (16)

-‐	  Natural	  linewidth

-‐	  Broadened	  linewidth
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Basically, that’s it. The key is to remember that you’re
not convolving the transition linefuction, i.e. the cross-
section, with the intensity, you’re convolving it with the
spectral irradiance. For fun I’ll show a few cases in what
follows.
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Basically, that’s it. The key is to remember that you’re
not convolving the transition linefuction, i.e. the cross-
section, with the intensity, you’re convolving it with the
spectral irradiance. For fun I’ll show a few cases in what
follows.
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follows.
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These notes detail how to calculate the excitation for the most general case of both laser and
transition linewidth. This is finally fixed for sure... except Sec. II hasn’t been updated! WGR-
1/23/2012

We take as our toy model a two level system with
ground state |gi and excited state |ei. The system is
also subject to a driving field with spectral irradiance,
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where æ(!) is the photon absorption cross-section – i.e.
it’s just the number of photons per area multiplied by the
absorption cross-section. °
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is decay rate from |ei ! |gi
(i.e. the natural linewidth). The cross-section is given in
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Basically, that’s it. The key is to remember that you’re
not convolving the transition linefuction, i.e. the cross-
section, with the intensity, you’re convolving it with the
spectral irradiance. For fun I’ll show a few cases in what
follows.
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Suppose we have a transition broadened only to a
linewidth °
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Basically, that’s it. The key is to remember that you’re
not convolving the transition linefuction, i.e. the cross-
section, with the intensity, you’re convolving it with the
spectral irradiance. For fun I’ll show a few cases in what
follows.
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II. THORIUM EXCIATION VIA ALS BEAM

We take the worst-case scenario Thorium numbers as

°
N

= 2º £ 10 µHz
∏ = 163 nm

NTh = 1019 cm°3 £ 1 cm£ 170 µm£ 50 µm (15)

and the quoted ALS numbers are

¢ = 0.175 eV
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=
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170 µm£ 50 µm
. (16)
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These notes detail how to calculate the excitation for the most general case of both laser and
transition linewidth. This is finally fixed for sure... except Sec. II hasn’t been updated! WGR-
1/23/2012

We take as our toy model a two level system with
ground state |gi and excited state |ei. The system is
also subject to a driving field with spectral irradiance,
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(!), defined via the total intensity, I, as
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where æ(!) is the photon absorption cross-section – i.e.
it’s just the number of photons per area multiplied by the
absorption cross-section. °
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is decay rate from |ei ! |gi
(i.e. the natural linewidth). The cross-section is given in
terms of the transition line functions, g(!), as
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Here g(!) obviously has units of Hz°1 and its normaliza-
tion is defined by
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In the two-level system we have
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Basically, that’s it. The key is to remember that you’re
not convolving the transition linefuction, i.e. the cross-
section, with the intensity, you’re convolving it with the
spectral irradiance. For fun I’ll show a few cases in what
follows.
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Okay, the convolution of two Lorentzians is given as
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II. THORIUM EXCIATION VIA ALS BEAM

We take the worst-case scenario Thorium numbers as

°
N

= 2º £ 10 µHz
∏ = 163 nm

NTh = 1019 cm°3 £ 1 cm£ 170 µm£ 50 µm (15)

and the quoted ALS numbers are

¢ = 0.175 eV

I

~!

=
1016 photons

170 µm£ 50 µm
. (16)

=

~	  10-‐28	  cm2



How	  do	  you	  get	  intense,	  
tunable	  light	  sources	  at	  165	  nm?

1.	  	  Tunable	  dye	  laser	  system	  coupled	  into	  H2	  Raman	  cell	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  (Schomburg	  et	  al.	  Appl.	  Phys.	  B	  30,	  131-‐134	  (1983))	  

-‐>	  	  10	  Hz,	  10	  uJ	  pulses	  (1013	  photons/s)	  and	  linewidth	  of	  0.1	  cm-‐1

2.	  	  Synchrotron	  light	  sources	  such	  as	  the	  Advanced	  
Light	  Source	  (ALS)	  at	  	  LBL

-‐>	   	   1016	   photons/s	   and	   linewidth	   of	  
0.175	  eV	  (1400	  cm-‐1)

à ALS	  can	  cover	  the	  region	  of	  interest	  in	  
1/100th	  the	  Wme
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These notes detail how to calculate the excitation for the most general case of both laser and
transition linewidth. This is finally fixed for sure... except Sec. II hasn’t been updated! WGR-
1/23/2012

We take as our toy model a two level system with
ground state |gi and excited state |ei. The system is
also subject to a driving field with spectral irradiance,
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(!), defined via the total intensity, I, as
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where æ(!) is the photon absorption cross-section – i.e.
it’s just the number of photons per area multiplied by the
absorption cross-section. °

N

is decay rate from |ei ! |gi
(i.e. the natural linewidth). The cross-section is given in
terms of the transition line functions, g(!), as
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Here g(!) obviously has units of Hz°1 and its normaliza-
tion is defined by
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d!g(!) = 1. (4)

In the two-level system we have
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Basically, that’s it. The key is to remember that you’re
not convolving the transition linefuction, i.e. the cross-
section, with the intensity, you’re convolving it with the
spectral irradiance. For fun I’ll show a few cases in what
follows.
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Suppose we have a transition broadened only to a
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Okay, the convolution of two Lorentzians is given as
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II. THORIUM EXCIATION VIA ALS BEAM

We take the worst-case scenario Thorium numbers as

°
N

= 2º £ 10 µHz
∏ = 163 nm

NTh = 1019 cm°3 £ 1 cm£ 170 µm£ 50 µm (15)

and the quoted ALS numbers are
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These notes detail how to calculate the excitation for the most general case of both laser and
transition linewidth. This is finally fixed for sure... except Sec. II hasn’t been updated! WGR-
1/23/2012

We take as our toy model a two level system with
ground state |gi and excited state |ei. The system is
also subject to a driving field with spectral irradiance,
E

∏

(!), defined via the total intensity, I, as
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where æ(!) is the photon absorption cross-section – i.e.
it’s just the number of photons per area multiplied by the
absorption cross-section. °

N

is decay rate from |ei ! |gi
(i.e. the natural linewidth). The cross-section is given in
terms of the transition line functions, g(!), as
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g(!). (3)

Here g(!) obviously has units of Hz°1 and its normaliza-
tion is defined by

Z
d!g(!) = 1. (4)

In the two-level system we have
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Basically, that’s it. The key is to remember that you’re
not convolving the transition linefuction, i.e. the cross-
section, with the intensity, you’re convolving it with the
spectral irradiance. For fun I’ll show a few cases in what
follows.
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II. THORIUM EXCIATION VIA ALS BEAM

We take the worst-case scenario Thorium numbers as

°
N

= 2º £ 10 µHz
∏ = 163 nm

NTh = 1019 cm°3 £ 1 cm£ 170 µm£ 50 µm (15)

and the quoted ALS numbers are

¢ = 0.175 eV
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=
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170 µm£ 50 µm
. (16)
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These notes detail how to calculate the excitation for the most general case of both laser and
transition linewidth. This is finally fixed for sure... except Sec. II hasn’t been updated! WGR-
1/23/2012

We take as our toy model a two level system with
ground state |gi and excited state |ei. The system is
also subject to a driving field with spectral irradiance,
E

∏

(!), defined via the total intensity, I, as
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Then the population in the excited state, N

e

, evolves as:

dN

e

dt

= °°
N

N

e

+
Z

d!æ(!)
E

∏

(!)
~!

(N
g

°N

e

), (2)

where æ(!) is the photon absorption cross-section – i.e.
it’s just the number of photons per area multiplied by the
absorption cross-section. °

N

is decay rate from |ei ! |gi
(i.e. the natural linewidth). The cross-section is given in
terms of the transition line functions, g(!), as
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Here g(!) obviously has units of Hz°1 and its normaliza-
tion is defined by
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In the two-level system we have
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where N is the total number of particles. Thus, defining
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Basically, that’s it. The key is to remember that you’re
not convolving the transition linefuction, i.e. the cross-
section, with the intensity, you’re convolving it with the
spectral irradiance. For fun I’ll show a few cases in what
follows.

I. TWO LORENTZIANS

Suppose we have a transition broadened only to a
linewidth °

b

and a radiation source described by a
Lorentzian of width ¢:
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Okay, the convolution of two Lorentzians is given as
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II. THORIUM EXCIATION VIA ALS BEAM

We take the worst-case scenario Thorium numbers as

°
N

= 2º £ 10 µHz
∏ = 163 nm

NTh = 1019 cm°3 £ 1 cm£ 170 µm£ 50 µm (15)

and the quoted ALS numbers are

¢ = 0.175 eV
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=
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170 µm£ 50 µm
. (16)
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How	  do	  you	  get	  intense,	  
tunable	  light	  sources	  at	  165	  nm?

1.	  	  Tunable	  dye	  laser	  system	  coupled	  into	  H2	  Raman	  cell	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  (Schomburg	  et	  al.	  Appl.	  Phys.	  B	  30,	  131-‐134	  (1983))	  

-‐>	  	  10	  Hz,	  10	  uJ	  pulses	  (1013	  photons/s)	  and	  linewidth	  of	  0.1	  cm-‐1

2.	  	  Synchrotron	  light	  sources	  such	  as	  the	  Advanced	  
Light	  Source	  (ALS)	  at	  	  LBL

-‐>	   	   1016	   photons/s	   and	   linewidth	   of	  
0.175	  eV	  (1400	  cm-‐1)

à ALS	  can	  cover	  the	  region	  of	  interest	  in	  
1/100th	  the	  Wme
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These notes detail how to calculate the excitation for the most general case of both laser and
transition linewidth. This is finally fixed for sure... except Sec. II hasn’t been updated! WGR-
1/23/2012

We take as our toy model a two level system with
ground state |gi and excited state |ei. The system is
also subject to a driving field with spectral irradiance,
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∏
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where æ(!) is the photon absorption cross-section – i.e.
it’s just the number of photons per area multiplied by the
absorption cross-section. °

N

is decay rate from |ei ! |gi
(i.e. the natural linewidth). The cross-section is given in
terms of the transition line functions, g(!), as
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Here g(!) obviously has units of Hz°1 and its normaliza-
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Basically, that’s it. The key is to remember that you’re
not convolving the transition linefuction, i.e. the cross-
section, with the intensity, you’re convolving it with the
spectral irradiance. For fun I’ll show a few cases in what
follows.
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II. THORIUM EXCIATION VIA ALS BEAM

We take the worst-case scenario Thorium numbers as

°
N

= 2º £ 10 µHz
∏ = 163 nm

NTh = 1019 cm°3 £ 1 cm£ 170 µm£ 50 µm (15)

and the quoted ALS numbers are

¢ = 0.175 eV
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These notes detail how to calculate the excitation for the most general case of both laser and
transition linewidth. This is finally fixed for sure... except Sec. II hasn’t been updated! WGR-
1/23/2012

We take as our toy model a two level system with
ground state |gi and excited state |ei. The system is
also subject to a driving field with spectral irradiance,
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∏

(!), defined via the total intensity, I, as
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where æ(!) is the photon absorption cross-section – i.e.
it’s just the number of photons per area multiplied by the
absorption cross-section. °
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is decay rate from |ei ! |gi
(i.e. the natural linewidth). The cross-section is given in
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Basically, that’s it. The key is to remember that you’re
not convolving the transition linefuction, i.e. the cross-
section, with the intensity, you’re convolving it with the
spectral irradiance. For fun I’ll show a few cases in what
follows.

I. TWO LORENTZIANS

Suppose we have a transition broadened only to a
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II. THORIUM EXCIATION VIA ALS BEAM

We take the worst-case scenario Thorium numbers as

°
N

= 2º £ 10 µHz
∏ = 163 nm

NTh = 1019 cm°3 £ 1 cm£ 170 µm£ 50 µm (15)

and the quoted ALS numbers are

¢ = 0.175 eV
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These notes detail how to calculate the excitation for the most general case of both laser and
transition linewidth. This is finally fixed for sure... except Sec. II hasn’t been updated! WGR-
1/23/2012

We take as our toy model a two level system with
ground state |gi and excited state |ei. The system is
also subject to a driving field with spectral irradiance,
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(!), defined via the total intensity, I, as
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where æ(!) is the photon absorption cross-section – i.e.
it’s just the number of photons per area multiplied by the
absorption cross-section. °
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is decay rate from |ei ! |gi
(i.e. the natural linewidth). The cross-section is given in
terms of the transition line functions, g(!), as
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Here g(!) obviously has units of Hz°1 and its normaliza-
tion is defined by
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Basically, that’s it. The key is to remember that you’re
not convolving the transition linefuction, i.e. the cross-
section, with the intensity, you’re convolving it with the
spectral irradiance. For fun I’ll show a few cases in what
follows.

I. TWO LORENTZIANS

Suppose we have a transition broadened only to a
linewidth °
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and a radiation source described by a
Lorentzian of width ¢:
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II. THORIUM EXCIATION VIA ALS BEAM

We take the worst-case scenario Thorium numbers as

°
N

= 2º £ 10 µHz
∏ = 163 nm

NTh = 1019 cm°3 £ 1 cm£ 170 µm£ 50 µm (15)

and the quoted ALS numbers are

¢ = 0.175 eV

I

~!

=
1016 photons

170 µm£ 50 µm
. (16)

=

~	  10-‐28	  cm2

=>	  10-‐28	  cm2 x	  1016	  photons/s*cm2



How	  do	  you	  get	  intense,	  
tunable	  light	  sources	  at	  165	  nm?

1.	  	  Tunable	  dye	  laser	  system	  coupled	  into	  H2	  Raman	  cell	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  (Schomburg	  et	  al.	  Appl.	  Phys.	  B	  30,	  131-‐134	  (1983))	  

-‐>	  	  10	  Hz,	  10	  uJ	  pulses	  (1013	  photons/s)	  and	  linewidth	  of	  0.1	  cm-‐1

2.	  	  Synchrotron	  light	  sources	  such	  as	  the	  Advanced	  
Light	  Source	  (ALS)	  at	  	  LBL

-‐>	   	   1016	   photons/s	   and	   linewidth	   of	  
0.175	  eV	  (1400	  cm-‐1)

à ALS	  can	  cover	  the	  region	  of	  interest	  in	  
1/100th	  the	  Wme
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These notes detail how to calculate the excitation for the most general case of both laser and
transition linewidth. This is finally fixed for sure... except Sec. II hasn’t been updated! WGR-
1/23/2012

We take as our toy model a two level system with
ground state |gi and excited state |ei. The system is
also subject to a driving field with spectral irradiance,
E

∏

(!), defined via the total intensity, I, as
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where æ(!) is the photon absorption cross-section – i.e.
it’s just the number of photons per area multiplied by the
absorption cross-section. °

N

is decay rate from |ei ! |gi
(i.e. the natural linewidth). The cross-section is given in
terms of the transition line functions, g(!), as
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Here g(!) obviously has units of Hz°1 and its normaliza-
tion is defined by
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d!g(!) = 1. (4)

In the two-level system we have
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Basically, that’s it. The key is to remember that you’re
not convolving the transition linefuction, i.e. the cross-
section, with the intensity, you’re convolving it with the
spectral irradiance. For fun I’ll show a few cases in what
follows.

I. TWO LORENTZIANS

Suppose we have a transition broadened only to a
linewidth °
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and a radiation source described by a
Lorentzian of width ¢:
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Okay, the convolution of two Lorentzians is given as
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II. THORIUM EXCIATION VIA ALS BEAM

We take the worst-case scenario Thorium numbers as

°
N

= 2º £ 10 µHz
∏ = 163 nm

NTh = 1019 cm°3 £ 1 cm£ 170 µm£ 50 µm (15)

and the quoted ALS numbers are

¢ = 0.175 eV
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These notes detail how to calculate the excitation for the most general case of both laser and
transition linewidth. This is finally fixed for sure... except Sec. II hasn’t been updated! WGR-
1/23/2012

We take as our toy model a two level system with
ground state |gi and excited state |ei. The system is
also subject to a driving field with spectral irradiance,
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∏

(!), defined via the total intensity, I, as
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where æ(!) is the photon absorption cross-section – i.e.
it’s just the number of photons per area multiplied by the
absorption cross-section. °

N

is decay rate from |ei ! |gi
(i.e. the natural linewidth). The cross-section is given in
terms of the transition line functions, g(!), as
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Here g(!) obviously has units of Hz°1 and its normaliza-
tion is defined by

Z
d!g(!) = 1. (4)
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Basically, that’s it. The key is to remember that you’re
not convolving the transition linefuction, i.e. the cross-
section, with the intensity, you’re convolving it with the
spectral irradiance. For fun I’ll show a few cases in what
follows.

I. TWO LORENTZIANS

Suppose we have a transition broadened only to a
linewidth °
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and a radiation source described by a
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II. THORIUM EXCIATION VIA ALS BEAM

We take the worst-case scenario Thorium numbers as

°
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= 2º £ 10 µHz
∏ = 163 nm

NTh = 1019 cm°3 £ 1 cm£ 170 µm£ 50 µm (15)

and the quoted ALS numbers are
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These notes detail how to calculate the excitation for the most general case of both laser and
transition linewidth. This is finally fixed for sure... except Sec. II hasn’t been updated! WGR-
1/23/2012

We take as our toy model a two level system with
ground state |gi and excited state |ei. The system is
also subject to a driving field with spectral irradiance,
E

∏

(!), defined via the total intensity, I, as
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Then the population in the excited state, N

e

, evolves as:

dN

e

dt

= °°
N

N

e

+
Z

d!æ(!)
E

∏

(!)
~!

(N
g

°N

e

), (2)

where æ(!) is the photon absorption cross-section – i.e.
it’s just the number of photons per area multiplied by the
absorption cross-section. °

N

is decay rate from |ei ! |gi
(i.e. the natural linewidth). The cross-section is given in
terms of the transition line functions, g(!), as
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Here g(!) obviously has units of Hz°1 and its normaliza-
tion is defined by
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In the two-level system we have
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Basically, that’s it. The key is to remember that you’re
not convolving the transition linefuction, i.e. the cross-
section, with the intensity, you’re convolving it with the
spectral irradiance. For fun I’ll show a few cases in what
follows.

I. TWO LORENTZIANS

Suppose we have a transition broadened only to a
linewidth °

b

and a radiation source described by a
Lorentzian of width ¢:
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II. THORIUM EXCIATION VIA ALS BEAM

We take the worst-case scenario Thorium numbers as

°
N

= 2º £ 10 µHz
∏ = 163 nm

NTh = 1019 cm°3 £ 1 cm£ 170 µm£ 50 µm (15)

and the quoted ALS numbers are

¢ = 0.175 eV

I

~!

=
1016 photons

170 µm£ 50 µm
. (16)

=

~	  10-‐28	  cm2

=>	  10-‐28	  cm2 x	  1016	  photons/s*cm2 x	  1018	  nuclei



How	  do	  you	  get	  intense,	  
tunable	  light	  sources	  at	  165	  nm?

1.	  	  Tunable	  dye	  laser	  system	  coupled	  into	  H2	  Raman	  cell	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  (Schomburg	  et	  al.	  Appl.	  Phys.	  B	  30,	  131-‐134	  (1983))	  

-‐>	  	  10	  Hz,	  10	  uJ	  pulses	  (1013	  photons/s)	  and	  linewidth	  of	  0.1	  cm-‐1

2.	  	  Synchrotron	  light	  sources	  such	  as	  the	  Advanced	  
Light	  Source	  (ALS)	  at	  	  LBL

-‐>	   	   1016	   photons/s	   and	   linewidth	   of	  
0.175	  eV	  (1400	  cm-‐1)

à ALS	  can	  cover	  the	  region	  of	  interest	  in	  
1/100th	  the	  Wme
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These notes detail how to calculate the excitation for the most general case of both laser and
transition linewidth. This is finally fixed for sure... except Sec. II hasn’t been updated! WGR-
1/23/2012

We take as our toy model a two level system with
ground state |gi and excited state |ei. The system is
also subject to a driving field with spectral irradiance,
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∏

(!), defined via the total intensity, I, as
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where æ(!) is the photon absorption cross-section – i.e.
it’s just the number of photons per area multiplied by the
absorption cross-section. °

N

is decay rate from |ei ! |gi
(i.e. the natural linewidth). The cross-section is given in
terms of the transition line functions, g(!), as
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Here g(!) obviously has units of Hz°1 and its normaliza-
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where N is the total number of particles. Thus, defining

B =
Z

d!æ(!)
E

∏

(!)
~!

(7)

we have at equilibrium
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Basically, that’s it. The key is to remember that you’re
not convolving the transition linefuction, i.e. the cross-
section, with the intensity, you’re convolving it with the
spectral irradiance. For fun I’ll show a few cases in what
follows.
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II. THORIUM EXCIATION VIA ALS BEAM

We take the worst-case scenario Thorium numbers as

°
N

= 2º £ 10 µHz
∏ = 163 nm

NTh = 1019 cm°3 £ 1 cm£ 170 µm£ 50 µm (15)

and the quoted ALS numbers are

¢ = 0.175 eV
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=
1016 photons

170 µm£ 50 µm
. (16)

Excitation–110% correct ... except Sec. II

Us
Department of Physics and Astronomy, University of CaliforniaLos Angeles,

475 Portola Avenue, Los Angeles, California 90095, USA

These notes detail how to calculate the excitation for the most general case of both laser and
transition linewidth. This is finally fixed for sure... except Sec. II hasn’t been updated! WGR-
1/23/2012
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II. THORIUM EXCIATION VIA ALS BEAM

We take the worst-case scenario Thorium numbers as

°
N

= 2º £ 10 µHz
∏ = 163 nm

NTh = 1019 cm°3 £ 1 cm£ 170 µm£ 50 µm (15)

and the quoted ALS numbers are

¢ = 0.175 eV

I

~!

=
1016 photons

170 µm£ 50 µm
. (16)

=

~	  10-‐28	  cm2

=>	  10-‐28	  cm2 x	  1016	  photons/s*cm2 x	  1018	  nuclei

=	  106	  nuclei	  excited	  per	  second!!!



Expected Fluorescence Rate at ALS

ExcitaWon	  at	  ALS	  should	  lead	  to	  
a	  fluorescence	  rate	  of	  15	  kHz	  
a\er	  only	  100	  s	  of	  illuminaWon
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a	  fluorescence	  rate	  of	  15	  kHz	  
a\er	  only	  100	  s	  of	  illuminaWon

Given	  our	  light	  detecWon	  
efficiency	  this	  allows	  us	  to	  
cover	  several	  eV	  in	  one	  shi\	  at	  
the	  ALS	  with	  a	  signal	  to	  noise	  
>	  10:1
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Given	  our	  light	  detecWon	  
efficiency	  this	  allows	  us	  to	  
cover	  several	  eV	  in	  one	  shi\	  at	  
the	  ALS	  with	  a	  signal	  to	  noise	  
>	  10:1

Longer	  illuminaWon	  Wmes	  will	  
allow	  the	  monochromator	  
measurements	  narrowing	  range	  
to	  0.1	  nm



Host Crystal Properties
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• reasonably transparent in 
the VUV 

   (down to ~160 nm)

•  pure crystalline structure 
with all e-’s paired

•  must chemically accept 229Th in the 4+ charge state

•  resilient to radiation damage from alphas emitted by 
229Th (~100 uCi) 

•  low VUV induced fluorescent backgrounds



Crystals Tested To Date
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• So far we have grown (w/ Th-232) and tested:
• Th:LiCAF (also pure LiCAF)
• Th:LiSAF (also pure LiSAF)
• Th:NaYF
• Th:YLF
• Th:BaMgF4

• Th:Li2ZiF6

• Na2ThF6



Thorium Doping Tests
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Variability for the same sample (Th:LiCAF) using
 different  techniques.

Properly measuring doping concentration:

Rutherford back-
scattering 

(LANL)
500 ppm 5x1018 cm-3

Secondary Ion 
MS 10 ppm 1x1017 cm-3

Gas discharge 
MS 300 ppm 3x1018 cm-3

Neutron 
Activation 1.4(7) ppm 1x1016 cm-3

Results for one growth run:



Thorium Doping Tests
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Properly	  measuring	  doping	  concentradon:

Calibrated	  sample,	  10000	  ppm	  thorium

Only	  Neutron	  AcWvaWon	  provides	  reliable	  results

1%	  Th:LiSAF	  sample
~1%	  doping	  efficiency



Alpha Induced Backgrounds
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Investigation of the optical transition in the 229Th nucleus: 
Solid-state optical frequency standard and fundamental constant variation

The THOR Collaboration
W.G. Rellergert1, S. Sullivan1, R. Greco2, M. Hehlen2, D. DeMille3, J. Torgerson2, and Eric R. Hudson1

1UCLA, 2LANL, 3Yale

•Direct optical excitation of nuclear transition 

•Solid-state environment provides large 
number of oscillators, ~1018 , aiding in 
search for weak transition

•Solid-state optical frequency standard

•Analog to Mössbauer spectroscopy 

•High Q transitions in solids

• Lattice environment shifts and 
broadenings well-characterized

•New & improved tests of fundamental physics
•Strong intranuclear forces lead to 
sensitive dependence on the fundamental 
constants

Motivation NIST – F1

Solid-state optical frequency reference?

Easily disseminated reference? 

δω =( cαδα/α + cqδXq/Xq + csδXs/Xs)

  δα/α = 10-17  δω =  150 Hz
  δXq/Xq = 10-17  δω = 3 kHz
  δms/ms = 10-17  δω = 37 kHz

Constants from X. He and Z. Ren, J. Phys. G: Nucl. Part. Phys. 34 1611 (2007):

Nuclear Transition

Low-lying isomeric state remeasured  to be 7.6 
eV by   B.R. Beck et  al., Phys. Rev. Lett., 98 
142502 (2007):

Nuclear optical transition  
properties:

λ = 7.6 eV, 165 nm
Γ/2π ∼ 0.1−10 mHz, Q ~ 1020

Nilsson model for deformed nuclei:

Eo = energy of nuclear orbital
 N = principal quantum #
 nz = # of nodal planes along 
        symmetry axis, z.

C = Spin-orbit coupling constant
 Λ = valence nucleon orbital 
  angular momentum z-axis     

projection

Σ = valence nucleon spin angular 
momentum z-axis projection

D = Orbit-orbit interaction constant
 (L-dependent correction to 

intranuclear potential)

E = Eo(N,nz) + CΛΕ + DΛ2

Λ
ΣL

S

Nilsson model angular momentum coupling scheme

~165 nm

E. Peik and Chr. Tamm, Europhys. Lett., 
61 (2), pp. 181–186 (2003)

Crystal Environment

Taken from S. Kuze et al., J. Sol. St. Chem. 177 3505 (2004).

HHyperfine  = HE0 + HM1 + HE2 + …

Multi-pole expansion of environmental 
perturbations:

•HE0 , Electric monopole
     Contact interaction between electrons and nucleon

•HM1, Magnetic dipole
     Interaction of nuclear magnetic dipole
     moment with local crystal magnetic field
•HE2, Electric quadrupole shift
     Non-spherical nuclear charge distribution
     interaction with crystal electric field 

 gradient.

Lessons from Mössbauer Spectroscopy

Crystal Production
• Crystal selection 
! Vacuum-ultraviolet transmission
! Accepts Thorium dopant as Th4+

! Resists radiation damage

• Crystal characterization (doping)
RBS measurements at LANL Ion 
Beam Materials Laboratory confirmed 
desired doping of Th:LiCAF

• Crystal characterization (lattice 
environment)

! NMR frequency is sensitive to lattice 
environment and thus provides information 
about optical transition linewidth

19F NM
R 

Signal13 kHz

• Future measurement: Transition frequency refinement
     1.  ALS measurement  determine λ to < 1 nm
     2.  Subsequent dye laser measurements  determine λ to < 1 pm
     3.  Ultimately measure transition frequency with VUV comb 
          technology  determine λ to < 10-13 nm, i.e., δf ∼ 1 Hz

ALS Crystal Background Characterization
and Future Measurements

Direct measurement at the ALS
• Current transition frequency bounds are 
poor

Needle in a haystack:!
150 nm < λ < 200 nm with Γ/2π ~ 0.1-10 mHz

•Advanced Light Source at Lawrence 
Berkeley Lab

Intense, wide-bandwidth source of VUV 
photons

Taken from: http://www-als.lbl.gov/

NTotal = Total # of Thorium atoms

Nphotons = Total # of photons

ΔωALS = ALS Bandwidth (0.25 eV)

ωALS = ALS center frequency

ωo = Transition frequency

Total scattering rate:

• Estimation of ALS-induced fluorescence

Couple fluorescence into VUV 
monochromator
Determine transition wavelength and lifetime

Funding:  UCOP LRP

      Interaction        Effect in 229Th 4+ 

Electric Monopole
(Isomer Shift)

       φ ≤ 100 MHz (Estimate based on typical Mössbauer observations.)
       Δ = 10 Hz per 1 mK gradient across sample

      Magnetic Dipole
       φ ≤ 1Hz/mG
       Δ = 1 Hz/mG  (1-10 kHz given contributions of nearest neighbors – might be eliminated
                                 using Mössbauer analog of “magic angle” spinning used in NMR)

      Electric Quadrupole
       φ ≤ 100 MHz (Estimate based solely on ground state quadrupole moment 
       since quadrupole moment of the IE = 3/2+ level is unknown.)

      2nd Order Doppler φ ≤ 300 Hz @ 300 K 
       Δ = 1 mHz per 1 mK gradient across sample 

•  Improved measurements of fluorescence 
background in Th-232 doped LiCAF with in 
vacuum PMT.

No long-lived, significant background 
fluorescence observed.
     

For more information please see:
W.G. Rellergert et al., PRL 104, 200802 (2010). 
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• Crystal characterization (radiation 
damage)
RBS 5 MeV α-beam
irradiation shows 
low LiCAF scintillation 
yield: 

0.3 photons/α

• “In house” crystal growth required for 229Th
• Bridgman crystal growth system constructed at LANL to 
allow fluoride crystal growth
• HF purified reactants
• First crystals expected this summer

Th:LiCAF crystal under 
illumination at the ALS. In the 
inset the ALS tracer beam is visible
as it illuminates the crystal.

• 229Th emits 4.8 MeV alphas with 
half-life of 7880 yr 

•  Irradiated Th:LiCAF sample with 
30 nA beam of 5 MeV alpha 
particles at IBML at LANL 

    (Richard Greco and Justin 
Torgerson)

• Detected photons with PMT 
(R7639, 115 nm - 230 nm)

• Observed 0.3 photons/alpha

•  Equivalent to 2 MHz background 
over the entire PMT bandwidth

Investigation of the optical transition in the 229Th nucleus: 
Solid-state optical frequency standard and fundamental constant variation

The THOR Collaboration
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yield: 

0.3 photons/α
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illumination at the ALS. In the 
inset the ALS tracer beam is visible
as it illuminates the crystal.



ALS Background Runs

•	  	  Since	  August	  2008	  we	  have	  been	  awarded	  and	  used	  144	  beamWme	  hours	  
	  	  	  (8	  hour	  shi\s)

•	  	  We	  have	  characterized	  6	  potenWal	  host	  crystals,	  most	  doped	  with	  232Th:

•	  Th:NaYF,	  	  Th:YLF,	  	  Th:LiCAF,	  	  Th:LiSAF,	  Th:BaMgF4,	  Na2ThF6

•	  	  While	  crystals	  do	  show	  some	  VUV	  induced	  fluorescence,	  it	  is	  of	  a	  low	  level	  
and	  short-‐lived

IOP Conference Series: Materials Science and Engineering 15, 012005 (2010).



ALS Background Runs



ALS Background Runs
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ALS - Crystal Measurement

15

PMT

Photodiode

Crystal

Procedure:

1. Illuminate	  crystal	  (5-‐200	  s)
2. Block	  ALS	  beam,	  open	  PMT	  

shu4er
3. Collect/count	  photons	  (5-‐100	  s)
4. Repeat	  a	  few	  Wmes
5. Change	  beam	  energy	  repeat	  



ALS - Crystal Measurement

15

PMT

Photodiode

Crystal

Procedure:

1. Illuminate	  crystal	  (5-‐200	  s)
2. Block	  ALS	  beam,	  open	  PMT	  

shu4er
3. Collect/count	  photons	  (5-‐100	  s)
4. Repeat	  a	  few	  Wmes
5. Change	  beam	  energy	  repeat	  



ALS - Crystal Measurement

15

PMT

Photodiode

Crystal

Procedure:

1. Illuminate	  crystal	  (5-‐200	  s)
2. Block	  ALS	  beam,	  open	  PMT	  

shu4er
3. Collect/count	  photons	  (5-‐100	  s)
4. Repeat	  a	  few	  Wmes
5. Change	  beam	  energy	  repeat	  



ALS - Crystal Measurement

15

PMT

Photodiode

Crystal

Procedure:

1. Illuminate	  crystal	  (5-‐200	  s)
2. Block	  ALS	  beam,	  open	  PMT	  

shu4er
3. Collect/count	  photons	  (5-‐100	  s)
4. Repeat	  a	  few	  Wmes
5. Change	  beam	  energy	  repeat	  



ALS - Crystal Measurement

15

PMT

Photodiode

Crystal

Procedure:

1. Illuminate	  crystal	  (5-‐200	  s)
2. Block	  ALS	  beam,	  open	  PMT	  

shu4er
3. Collect/count	  photons	  (5-‐100	  s)
4. Repeat	  a	  few	  Wmes
5. Change	  beam	  energy	  repeat	  



ALS - Crystal Measurement

15

PMT

Photodiode

Crystal

Procedure:

1. Illuminate	  crystal	  (5-‐200	  s)
2. Block	  ALS	  beam,	  open	  PMT	  

shu4er
3. Collect/count	  photons	  (5-‐100	  s)
4. Repeat	  a	  few	  Wmes
5. Change	  beam	  energy	  repeat	  



ALS - Crystal Measurement

15

PMT

Photodiode

Crystal

Procedure:

1. Illuminate	  crystal	  (5-‐200	  s)
2. Block	  ALS	  beam,	  open	  PMT	  

shu4er
3. Collect/count	  photons	  (5-‐100	  s)
4. Repeat	  a	  few	  Wmes
5. Change	  beam	  energy	  repeat	  



ALS - Crystal Measurement

15

PMT

Photodiode

Crystal

Procedure:

1. Illuminate	  crystal	  (5-‐200	  s)
2. Block	  ALS	  beam,	  open	  PMT	  

shu4er
3. Collect/count	  photons	  (5-‐100	  s)
4. Repeat	  a	  few	  Wmes
5. Change	  beam	  energy	  repeat	  



0 10 20
0

200

400

600

Fl
uo

re
sc

en
ce

 [A
rb

 U
]

Time [s]

 Th:BaMgF fluorescence
 Fit

Th:BaMgF4 Fluorescence Induced by 9.0 eV Light

τ ~ 3 s

Th:BaMgF4 

16

7 8 9 10 11 12
0

50000

100000

150000

200000

To
ta

l P
ho

to
n 

C
ou

nt
s 

in
 5

 s

ALS Beam Energy [eV]

Th:BaMgF
4
 Excitation Spectrum



0 10 20
0

200

400

600

Fl
uo

re
sc

en
ce

 [A
rb

 U
]

Time [s]

 Th:BaMgF fluorescence
 Fit

Th:BaMgF4 Fluorescence Induced by 9.0 eV Light

τ ~ 3 s

Th:BaMgF4 

16

7 8 9 10 11 12
0

50000

100000

150000

200000

To
ta

l P
ho

to
n 

C
ou

nt
s 

in
 5

 s

ALS Beam Energy [eV]

Th:BaMgF
4
 Excitation Spectrum

100 120 140 160 180 200 220
0.00

0.05

0.10

Monochromator wavelength [nm]

Fl
uo

re
sc

en
ce

 [A
rb

. U
.]

Th:BaMgF Fluorescence Spectra

 7.5 eV
 8.0 eV
 8.5 eV
 9.0 eV
 9.5 eV
 10.0 eV



0 10 20
0

200

400

600

Fl
uo

re
sc

en
ce

 [A
rb

 U
]

Time [s]

 Th:BaMgF fluorescence
 Fit

Th:BaMgF4 Fluorescence Induced by 9.0 eV Light

τ ~ 3 s

Th:BaMgF4 

16

7 8 9 10 11 12
0

50000

100000

150000

200000

To
ta

l P
ho

to
n 

C
ou

nt
s 

in
 5

 s

ALS Beam Energy [eV]

Th:BaMgF
4
 Excitation Spectrum

100 120 140 160 180 200 220
0.00

0.05

0.10

Monochromator wavelength [nm]

Fl
uo

re
sc

en
ce

 [A
rb

. U
.]

Th:BaMgF Fluorescence Spectra

 7.5 eV
 8.0 eV
 8.5 eV
 9.0 eV
 9.5 eV
 10.0 eV

140 160 180 200

0.0000

0.0005

0.0010

0.0015

0.0020
 7.5 eV
 8.0 eV
 8.5 eV
 9.0 eV
 9.5 eV
 10.0 eV

Th:BaMgF Fluorescence Spectra

Fl
uo

re
sc

en
ce

 [A
rb

. U
.]

Monochromator wavelength [nm]



17

Th:BaMgF4 
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•200	  s	  Illuminadon,	  100	  s	  photon	  collecdon	  (50	  ms	  delay)
•Maximum	  fluorescence	  rate	  detected	  ~100	  kHz
•Fluorescence	  lifedme	  at	  9.5	  eV	  measured	  to	  be	  500	  ms
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Th:LiSAF



Th:LiCAF

•Target	  doping	  1%	  molar	  
	  	  5	  s	  Illumina<on,	  5	  s	  photon	  collec<on	  (5	  ms	  delay)
•Highest	  value	  (at	  7.4	  eV)	  corresponds	  to	  350	  kHz,	  12	  ms	  life<me
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•200	  s	  Illuminadon,	  100	  s	  collecdon	  (5	  ms	  delay)
•Largest	  value	  corresponds	  to	  ~25	  kHz

ALS	  Search	  Signal	  to	  Noise	  taking	  all	  	  
	  	  	  	  data	  for	  Th:LiCAF	  into	  account
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•Showed	  dark	  spot/radiadon	  damage	  due	  to	  VUV	  beam
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Summary

•	  	  We’ve	  characterized	  6	  potendal	  host	  crystals.
•	  Doping	  looks	  very	  promising
•	  All	  six	  appear	  to	  be	  okay	  in	  terms	  of	  VUV	  induced	  fluorescence	  
(short-‐lived	  and	  broadband),	  but	  Na2ThF6	  and	  Th:NaYF	  show	  signs	  of	  
radiadon	  damage	  (possibly	  impurides)

•	  	  Th:LiSAF	  and	  Th:LiCAF	  exhibited	  lowest	  fluorescence	  levels
•	  BG	  Fluorescence	  rates	  of	  ~10-‐100	  kHz,	  but	  short	  lived	  (<500	  ms)
•	  Compare	  to	  expected	  rates	  of	  15	  kHz	  with	  lifedme	  of	  10,000	  s

	  	  	  	  	  	  	  	  	  or	  	  1	  GHz	  with	  lifedme	  of	  100	  s!


