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Abstract

Isotope Ratios for Medicine and Public Health

Aaron D. Barr, PhD
The University of Texas at Austin, 2026

SUPERVISOR: Mark G. Raizen

Isotopes hold the promise of great advances in medicine and public health.

When used as tracers, rare stable isotopes can disentangle the causes and effects

of disease, quantify the bioavailability of nutrients, or probe the details of complex

metabolic processes, while changes in isotope ratios in the body can provide pathways

to the development of novel methods for early disease detection. Radioisotopes are

essential for modern medical imaging, diagnostics, and radiopharmaceuticals.

This project concerns the use of naturally occurring, stable iron isotopes as

metabolic tracers for research into iron deficiency, and the more severe iron deficiency

anemia, in infants and small children. Stable isotope studies are able to provide

information regarding nutrient metabolism that is otherwise difficult to obtain, par-

ticularly in children. Examples include the relation of iron metabolism to growth and

development, the effects of diet on iron bioavailability, the impact of acute and chronic

illnesses on iron absorption and metabolism, as well as quantitative evaluation of the

optimal iron intake for infants.

Our overall objective is to help address an unmet need in medicine for scalable

analysis of stable isotope ratios from biological samples. What we are developing is

intended to be an alternative to mass spectrometry, but with significant advantages in

cost and scalability. Concurrently, we are pushing the envelope on detection efficiency
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with ultra-small sample sizes. The goal is, ultimately, to make isotope ratio analysis

cheap and straightforward enough to be used for routine medical screening.

Along the way, we are adapting spectroscopic techniques from AMO physics

and sample preparation methods used by biochemists. We are also working on de-

veloping new fast methods for preparing microsamples of blood for analysis. Thanks

to the elemental specificity of optical spectroscopy techniques, we can achieve high

sensitivity with very minimal sample preparation. The current object of study is

iron isotopes, but what we learn here will be adapted to a wide variety of medically

significant elements in the future.

The perennial limiting factor in medical and scientific use of isotopes is supply;

isotopically enriched samples have historically been subject to both limited availability

and high costs. Our group is conducting active research into separation methods for

isotopes of medical and scientific interest, and Chapter 3 concerns this work. Chapter

4 covers a fruitful experimental sideline into atom/surface interactions, which may

prove useful in a range of medically-applicable optical spectroscopy and quantum

sensing applications.
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Chapter 1: Isotope Ratio Analysis for Medicine

Isotopes hold the promise of great advances in medicine and public health.

When used as tracers, rare stable isotopes can disentangle the causes and effects

of disease, quantify the bioavailability of nutrients, or probe the details of complex

metabolic processes, while changes in isotope ratios in the body can provide pathways

to the development of novel methods for early disease detection [1]. Radioisotopes are

essential for modern medical imaging, diagnostics, and radiopharmaceuticals [2, 3, 4].

This project concerns the use of naturally occurring, stable iron isotopes as

metabolic tracers for research into iron deficiency, and the more severe iron deficiency

anemia, in infants and small children. Stable isotope studies are able to provide

information regarding nutrient metabolism that is otherwise difficult to obtain, par-

ticularly in children. Examples include the relation of iron metabolism to growth

and development, the effects of diet on iron bioavailability, the impact of acute and

chronic illnesses on iron absorption and metabolism, as well as quantitative evaluation

of the optimal iron intake for infants. We have been very fortunate to pursue this

line of research in partnership with Prof. Steven Abrams, M.D., a researcher, profes-

sor, and pioneer of stable isotope methods, particularly in children. From a personal

standpoint, this has been a very exciting and promising topic to work on for many

reasons, but I will highlight two here. First, it is an interesting challenge from a tech-

nical perspective; we are adapting tried-and-true ultra-high sensitivity AMO physics

techniques to novel biomedical applications, and developing new sample handling

methods as we do so. Second, and most importantly, this project has the potential

to meaningfully impact a longstanding public health issue of global significance.

The work in this dissertation is one facet of a larger multi-project / multi-

institution initiative. We are the stateside, co-founding lab of the Center for Biomed-

ical Quantum Sensing (CBQS), operating on a $22 million, 6-year grant from the

Novo Nordisk Foundation (NNF) in Denmark [5]. The leadership of CBQS is shared
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among three group co-leaders: Mark Raizen at the University of Texas at Austin (UT

Austin), Eugene Polzik at the Niels Bohr Institute Quantum Optics Center (NBI-

QUANTOP), and Ulrik Andersen at the Technical University of Denmark (DTU).

Figure 1.1: Center for Biomedical Quantum Sensing laboratories [5].

The goal of the Center is to “develop and use novel quantum sensing princi-

ples and techniques for biomedical diagnostics... providing ultra-sensitive platforms

for early detection of disease and facilitating profound investigations into molecular

systems at an unprecedented scale and precision [6].” The intent is for CBQS to

foster a collaborative, interdisciplinary approach, applying the techniques of physics

research to medicine. This exchange, it is hoped, will facilitate a fruitful and ben-

eficial partnership between physicians, medical researchers, and quantum physicists.

To that end, CBQS has a broad constellation of external collaborators, encompassing

a wide range of medical and physics research expertise [7].

Although it is now part of the CBQS collaboration, the earliest work on this

project predates the awarding of the NNF grant, having originated under the auspices

of the nonprofit Pointsman Foundation, of which Mark Raizen is the Founder, Chair-

man of the Board, and President [8]. The Pointsman Foundation supports a range of

15



Figure 1.2: CBQS external collaborators [7].

projects that aim to “bring advances in the physical sciences to benefit humanity,”

including the early detection of cancer, the production of clean and sterile water,

and the detection of toxic heavy metal contamination in food. The current operating

model of the Foundation is to principally fund projects through the production and

sale of medical isotopes, particularly 176Yb, which is in high demand as a precursor

for 177Lu, a β-emitting radioisotope used in the production of radiopharmaceuticals

such as Lutathera and Pluvicto from Swiss-based pharmaceutical corporation Novar-

tis [9, 10]. The isotope separation method employed by the Pointsman Foundation is

discussed in greater detail in Chapter 3. At the end of the current funding period,

the Pointsman and the Novo Nordisk Foundations plan to establish a joint research

center in Copenhagen, Denmark.
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1.1 Experiment objectives

Before delving into the experimental details, it would be a good idea to first

provide a big-picture overview of what we hope to achieve with this project. The

overall objective is to help address an unmet need in medicine for routine analysis

of stable isotope ratios from biological samples. What we are developing is intended

to be an alternative to mass spectrometry, but with significant improvements in cost

and scalability. Concurrently, our aim is to push the envelope on detection efficiency

with ultra-small sample sizes. The current target, which should be achieved early next

year1, is to perform isotope spectroscopy of iron using single-drop blood samples. Our

hope is, ultimately, to make isotope ratio analysis cheap and straightforward enough

to be used for routine medical screening.

Along the way, we are adapting spectroscopic techniques from AMO physics

and sample preparation methods used by biochemists. We are working on devel-

oping new fast methods for preparing microsamples of blood for analysis. Thanks

to the elemental specificity of optical spectroscopy techniques, we can achieve high

sensitivity with very minimal sample preparation. The current object of study is

iron isotopes, but in future what we learn here will be adapted to a wide variety of

medically significant elements.

The perennial limiting factor in medical and scientific use of isotopes is supply;

isotopically enriched samples have historically been subject to both limited availability

and high costs. Our group is conducting active research into separation methods for

isotopes of medical and scientific interest, and Chapter 3 concerns this work. Chapter

4 covers a fruitful experimental sideline into atom/surface interactions, which may

prove useful in a range of medically-applicable optical spectroscopy and quantum

sensing applications.

12026.
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1.2 Isotope ratios in medicine

This research has two distinct modes of application. One mode makes use

of enriched rare stable isotopes administered as metabolic tracers; this mode is con-

sidered in detail in Section 1.2.4 and elsewhere. The second mode involves the phe-

nomenon of biological fractionation, the small but measurable changes in the natural

isotope ratios of particular elements in the body, caused by disease. These changes

provide a potential pathway to early diagnosis of serious medical conditions when

they are most treatable. The mechanisms of biological fractionation of isotopes can

be complex. However, there are a few key mechanisms: in chemical equilibrium ef-

fects, heavier isotopes tend to concentrate in the chemical species with stronger bonds

and lower vibrational energies; isotopes may also be fractionated by transport mech-

anisms like ion channels and pumps, which can discriminate between isotopes due to

size or binding energy differences; enzymes and metal binding proteins have also been

observed to slightly fractionate isotopes for analogous reasons.

Medicine and the physics of isotopes have a deeply interwoven history, from

Henri Becquerel’s 1896 discovery of radioactivity in uranium salts to present-day

isotope tracers and radiopharmaceuticals [11]. While the major work of the various

Nobel laureates and scientific luminaries who advanced atomic and nuclear physics in

the 20th century is generally well known, their significant contributions to medicine

are often not. These underappreciated contributions, as well as important background

for the physics of biological isotope effects, are briefly outlined in the following sub-

chapters; understanding this co-evolution helps to contextualize the experiments in

this dissertation.

1.2.1 Isotopes: a brief history

In a 1913 Nature paper, British chemist Frederick Soddy proposed the idea

of isotopes to explain a phenomenon that had been baffling early radiochemists for

over a decade: some of the daughter products of radioactive elements are chemically

18



Figure 1.3: Left: Frederick Soddy. Right: Ernest Rutherford. Both photographs
taken in the 1920s. [12, 13]

indistinguishable from known elements, yet their decay signatures are distinctly dif-

ferent. For example, a 1907 paper described a decay product of thorium, termed

“radiothorium,” that is chemically inseparable from thorium. However, instead of

the expected 14-billion year half-life of familiar thorium, radiothorium’s half-life is

less than 2 years: “It is ... probable that the decrease in activity of thorium prepara-

tions, which we observed after numerous chemical treatments, was the result solely of

the decay of radiothorium [14].” “Thorium X,” another thorium decay product, was

described in a 1909 paper in which the authors were unable to find “any differences

in the chemical behaviour of radium [and] thorium X [15, 16].” However, thorium X

has a half-life of only 3.6 days, compared to the expected 1,600 years for radium. By

1913, a large and confusing menagerie of such mysterious “radioelements” had been

identified. The cluttered, ad-hoc nomenclature of the thorium decay chain suggests

a dire need for some systematizing idea: “mesothorium-1 and mesothorium-2,” “ra-

diothorium,” “thorium X,” “thorium emanation,” as well as “thorium A,B, and C”

[15, 17].
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Figure 1.4: Identification of thorium decay products as of 1909. [15]

Fortunately, 1913 turned out to be a year of tremendous advances in the

physics of isotopes. British physicist Henry Moseley, working in Rutherford’s lab

in Manchester, derived an empirical formula for the frequency of X-rays emitted

when outer-shell electrons fill a vacancy in the inner K and L shells of an atom [18].

Moseley’s work was immediately interpreted in terms of the brand-new Bohr atomic

model2, which predicts that the energy levels of one-electron (hydrogen-like) atoms

are given by [19]:

En = −µc2α2Z2
eff

2n2
(1.1)

where µ is the reduced mass of the electron and nucleus, α is the fine-structure

constant, and Zeff is the effective charge, reduced by shielding effects from other

electrons:

2Also published in 1913!
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Zeff = Z − σ (1.2)

Photons emitted in radiative transitions ni → nf have frequency:

hv = ∆E =
µc2α2

2
(Z − σ)2

(
1

n2
f

− 1

n2
i

)
(1.3)

Using cR∞ = mec2α2

2h
and µ ≈ me for inner shells,

ν ≈ cR∞(Z − σ)2

(
1

n2
f

− 1

n2
i

)
. (1.4)

Taking the square root gives:

√
ν =

√√√√cR∞

(
1

n2
f

− 1

n2
i

)
(Z − σ) ≡ Ani→nf

(Z − σ) (1.5)

Thus
√
ν vs. Z is a straight line with slope:

Ani→nf
=

√√√√cR∞

(
1

n2
f

− 1

n2
i

)
(1.6)

indicating that the frequencies of these characteristic X-rays3 depend on atomic num-

ber Z, rather than atomic mass. Prior to Moseley’s work, the atomic number had

largely been thought to be an index marking the place of each element in the periodic

table, and not a physical, measurable quantity [20].

Moseley’s Law suggests Z is more fundamental than atomic mass: “We have

here a proof that there is in the atom a fundamental quantity, which increases by

regular steps as we pass from one element to the next. This quantity can only be

the charge on the central positive nucleus, of the existence of which we already have

3So-called because they differ for each element.
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Figure 1.5: Left: Henry Moseley in 1914. He died the following year in the gruesome
Battle of Suvla Bay during WWI. Right: Dr. Margaret Todd, medical pioneer and
polymath, in 1902. [21, 22]

definite proof [18].” This result allowed Soddy, later that year, to make the inference

that the “radioelements” were not just chemically similar to known elements, but

were identically those known elements, having the same nuclear charge but different

nuclear masses. Soddy’s paper also introduced the word “isotope,” which had been

suggested to him by Scottish medical doctor and author Margaret Todd4, who coined

the term by combining the Greek isos (same) and topos (place), since isotopes are

distinct variants of a given element occupying the “same place” on the periodic table

[23].

As if this was not enough discovery for one year, J.J. Thomson also published

a landmark isotope physics paper in 1913, providing the first concrete evidence that

4One of the first female students to enroll, in 1886, in the Edinburgh School of Medicine for
Women.
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Figure 1.6: Above: J. J. Thomson in 1890. Below: The original illustration of
Thomson’s apparatus for measuring the mass-to-charge ratio for neon. [24, 25]

isotopes are not limited to the decay products of heavy radioactive elements; isotopes

exist for light, stable elements as well. In one of the earliest mass spectrometry

experiments, Thomson studied the mass-to-charge ratio of ions formed by a perforated

cathode in a neon-filled gas discharge tube [25]. The perforated cathode allowed

positive ions to stream through, forming a collimated beam. Near the far end of

the tube, the ions were deflected by parallel electric and magnetic fields, striking a

photographic plate at the end of the tube, recording their positions. The E-field

and B-field induced mutually perpendicular deflections, and all ions of a particular

mass-to-charge value lie on a single parabola on the target.

For an ion of charge q and mass m entering the field region with velocity v

23



along the x-axis, and with the electric and magnetic fields E and B along the y-axis,

the small deflection angles acquired are:

θE =
qEℓ

mv2
, θB =

qBℓ

mv
(1.7)

where ℓ is the length of the field region, and d is the distance from the end of the

field region to the photographic plate. To first order, the y-, z- displacements at the

plate are given by:

y ≈ θE

(
d+

ℓ

2

)
=

qEℓ
(
d+ ℓ

2

)
mv2

, z ≈ θB(d+ ℓ/2) =
qBℓ(d+ ℓ/2)

mv
. (1.8)

Eliminating v, Thomson derived the parabolic relation:

y =

[
E

B2

m

q

1

ℓ(L+ ℓ/2)

]
z2. (1.9)

Hence,

y ∝ m

q
z2 (1.10)

So, all ions of a given m/q fall on the same parabola, regardless of velocity.

Neon was then thought to have an atomic mass of 20.2 amu, but Thomson instead

saw two distinct parabolas: one for m/q = 20, and a second parabola for m/q = 22.

He correctly interpreted this result as evidence that neon consists of a mixture of two

isotopes: “There can ... be little doubt that what has been called neon is not a simple

gas but a mixture of two gases, one of which has an atomic weight about 20 and the

other about 22. The parabola due to the heavier gas is always much fainter than that

due to the lighter, so that probably the heavier gas forms only a small percentage of

the mixture [25].”

24



Figure 1.7: Left: Image of the parabolas formed by J. J. Thomson’s experiment. The
lower parabola is due to helium, and the two bright parabolas due to neon isotopes
are visible above. Right: Francis Aston with his mass spectrograph. [25, 26]

Over the following years, Thomson’s apparatus was refined into a precision

mass spectrograph by his student, Francis W. Aston [27]. By 1920, Aston had cat-

alogued a wide variety of isotopes among the light stable elements, showing that

nearly all elements are mixtures of isotopes. including the two naturally occurring

isotopes of chlorine, 35Cl and 37Cl, which explained chlorine’s notably non-integral

atomic weight of roughly 35.5 amu. Aston also identified two isotopes of argon, the

six natural isotopes of krypton, and five of the seven natural isotopes of mercury

[27, 28].

1.2.2 Biological isotope fractionation

As mass spectrometry continued to advance in sensitivity through the 1920s

and 1930s, and was applied to more diverse samples, a new puzzle emerged. Re-

searchers found that materials of biological origin, such as cellulose, proteins, and

coal, are significantly enriched in the lighter 12C isotope relative to abiotic sources
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of carbon like graphite5, carbonaceous meteorites, and diamond. The first paper to

identify this effect, published in 1939 by Alfred Nier and Earl Gulbransen, found a

greater than 5% difference in the 12C/13C isotope ratio when comparing carbon sam-

pled from plant sources and carbon from nonbiological sources [29]. However, the

mechanics of carbon isotope fractionation by living systems were not yet understood.

Figure 1.8: Harold Urey, Jacob Bigeleisen, and Maria Goeppert-Mayer. Work by Urey
and his collaborators provided the first rigorous explanation for biological isotope
effects. [30, 31, 32]

In papers independently published in 1947, Harold Urey6 and his former Man-

hattan Project colleagues Jacob Bigeleisen and Maria Goeppert-Mayer gave the first

systematic treatment of equilibrium isotope fractionation [33, 34]. They showed that

isotopes affect the vibrational energies of chemical bonds due to their mass difference,

which slightly alters equilibrium constants and reaction rates. The resulting Urey-

Bigeleisen-Mayer (UBM) equation is usually considered the fundamental statistical-

mechanical expression for the effect. Here, “equilibrium” means that the isotope

5Some graphite is of biological origin. Graphite also forms through purely geological processes.
The Nier paper considered graphite that was clearly, in hindsight, geological.

6American physical chemist, Nobel laureate, and lead scientist for the Manhattan Project’s non-
electromagnetic isotope separation research.
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distribution between two phases or compounds minimizes Gibbs free energy ∆G◦,

and the ratio of heavy to light isotopes in each phase is determined by thermody-

namic equilibrium. This is in distinction to kinetic fractionation, where isotope ratios

are shifted because one isotope reacts, diffuses, or escapes faster than the other in a

non-equilibrium process such as evaporation.

Urey, Bigeleisen, and Goeppert-Mayer derived how equilibrium isotope frac-

tionation factors depend on temperature and bond strengths, showing that heavier

isotopes are preferentially concentrated in compounds with stiffer bonds and higher

zero point energies. First, they considered an isotope exchange reaction between

molecules A and B [35]:

(A− X) + (B− X∗) ⇌ ( A− X∗) + (B− X). (1.11)

where the heavier isotope is designated with an asterisk. The macroscopic equilibrium

constant is given by:

K =
a(A−X∗) a(B−X)

a(A−X) a(B−X∗)
= e−∆G◦/RT (1.12)

where each a is the activity, or “effective concentration” of the species. Assuming

that the molecules can be approximated as an ideal gas or ideal dilute solution, K can

be written in terms of molecular partition functions. The partition functions account

for the translational, rotational, vibrational, and electronic states of the molecules,

and can be written as the product [34]:

q = qtrans qrot qvib qelec . (1.13)

For an exchange reaction,

K =
q(A−X∗) q(B−X)

q(A−X) q(B−X∗)
× e−∆ε0/kT (1.14)
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where ∆ε0 is the difference in electronic and nuclear ground-state energies. Under

the Born-Oppenheimer approximation, the potential-energy surfaces are the same for

isotopologues7, so the only ground-state shift is the vibrational zero-point energy,

which is contained in qvib . Thus, qelec,(A−X) = qelec,(A−X∗), and qelec cancels exactly in

the exchange equation. For a non-linear molecule,

qrot =
(8π2kT )

3/2

σh3
(IxIyIz)

1/2 . (1.15)

The exchange ratio yields a rotational factor

qrot,(A−X∗) qrot,(B−X)

qrot,(A−X) qrot,(B−X∗)
=

σ(A−X) σ(B−X∗)

σ(A−X∗) σ(B−X)

[
I(A−X∗) I(B−X)

I(A−X) I(B−X∗)

]1/2
. (1.16)

The symmetry numbers σ account for indistinguishable orientations, and often cancel

unless isotopic substitution breaks symmetries, such as by making previously equiva-

lent sites distinguishable. The moments of inertia I change on isotopic substitution.

For harmonic vibrational modes i with ui = hνi/kT ,

qvib =
∏
i

e−ui/2

1− e−ui
. (1.17)

The exchange ratio gives

∏
i

(
e−u

′
i/2

1− e−u
′
i
/

e−ui/2

1− e−ui

)
=
∏
i

(
u′i
ui

)
exp

(
ui − u′i

2

)
1− e−ui

1− e−u
′
i

(1.18)

for each species. The translation term is given by:

qtrans,i =
V

Λ3
i

, Λi =
h√

2πmikT
(1.19)

the volume term, V, cancels and leaves a mass factor:

7Molecules with the same chemical formula, but at least one constituent atom being a different
isotope.
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qtrans,(A−X∗) qtrans,(B−X)

qtrans,(A−X) qtrans,(B−X∗)
=

[
m(A−X∗) m(B−X)

m(A−X) m(B−X∗)

]3/2
(1.20)

This factor can be shown to exactly cancel using what is known as the Teller-

Redlich product rule, which is a mass-invariance identity for molecules under the

rigid-rotor/harmonic oscillator (RRHO) and Born-Oppenheimer approximations [36].

Specifically, it says that for nonlinear molecules with N atoms, vibrational frequencies

{νi}3N−6i=1 , and principal moments of inertia IA, IB, IC , the quantity

(
3N−6∏
i=1

νi

)
(IAIBIC)

1/2

M3/2
(1.21)

is constant under isotopic substitution. The remaining translation term cancels with

part of the rotational/vibrational terms, and surviving terms yield the reduced par-

tition function ratio, which is usually written as β:

β =
σ

σ′

(
I

I ′

)1/2∏
i

(
u′i
ui

)
exp

(
ui − u′i

2

)
1− e−ui

1− e−u
′
i

(1.22)

For two phases or molecular sites A and B that exchange the same element, the

equilibrium fractionation factor is

α(A−B) =
βA

βB

. (1.23)

In the high temperature limit, u ≪ 1. Rewriting the above as lnα(A−B) =

(ln βA − ln βB), and using the Bernoulli expansion:

ln β =
∞∑
n=1

B2n

2n(2n)!

∑
i

(
u2n
i − u′2ni

)
⇒ ln β ≈ A

T 2
+

B

T 4
+ · · · (1.24)

where the B2n are Bernoulli numbers. Hence, isotope fractionation scales as ∝ 1/T 2;

fractionation increases approximately quadratically as temperature is decreased.
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The role of bond strength in equilibrium isotope fractionation can also be

inferred from Eq.1.24. Heavier isotopes result in lower bond vibrational frequencies

than lighter isotopes, since ν ∝
√

k/µ. Remembering that ui = hνi/kT , it follows

that ui > u′i. For two sites A and B, if the bond in site A is stiffer (kA > kB),

then ln βA > ln βB and α(A−B) > 1. Hence, at equilibrium, site A ends up enriched

in the heavier isotope. As mentioned at the the beginning of this section, the UBM

framework is applicable to processes at equilibrium; for reversible and near-reversible

biological systems, the isotope fractionation values will tend to those predicted by

Eq. 1.24. However, nearly unidirectional, driven processes are common in biological

systems, such as diffusion across membranes, active transport, and enzyme-catalyzed

reactions; these processes involve what are called kinetic, or rate effects. Lighter

isotopes tend to be favored in directed processes, because they react or are transported

slightly more rapidly than the heavier isotopes, resulting in fractionation [37].

In fact, the biological fractionation of carbon isotopes discussed earlier is pri-

marily due to a kinetic isotope effect. Most carbon enters the Earth’s biosphere via

fixation of CO2 by the enzyme RuBisCO8, a crucial enzyme in photosynthesis. The

reaction driven by RuBisCO discriminates in favor of 12CO2 by as much as 0.3% [38].

This process systematically enriches biological systems in 12C compared to abiotic

carbon. Carbon isotope fractionation due to photosynthesis has been used to esti-

mate past atmospheric CO2 levels by measuring the carbon isotope ratios of fossils

[39, 40].

1.2.3 Biological fractionation: diagnostic marker of disease

Biological isotope fractionation can serve as a sensitive diagnostic marker for

a variety of serious disease conditions; detecting and monitoring alterations in the

normal ratio of stable isotopes in the body is a promising avenue for the development

of new methods of early disease diagnosis that could be incorporated into routine

8Ribulose-1,5-bisphosphate carboxylase/oxygenase.
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disease screening. Achieving this goal will require significant advancements in af-

fordable, scalable isotope ratio analysis methods. Some examples of disease-related

isotope fractionation with substantial medical and scientific interest are outlined here.

Figure 1.9: Osteoblasts and osteoclasts in developing bone (400× magnification) [41].

Calcium has five naturally occurring stable isotopes: 40Ca, 42Ca, 43Ca, 44Ca,

and 46Ca 9. In healthy adults, about 99% of the body’s calcium resides in bone,

mostly as the hard mineral hydroxyapatite10 [42]. There is a continual daily ex-

change of roughly 500 mg of calcium between bone and extracellular fluid, a dynamic

equilibrium maintained by specialized cells [43]. Osteoblasts are cells that specialize

in the formation of new bone. They form hydroxyapatite by pulling phosphate and

Ca2+ ions from the extracellular fluid and concentrating it in matrix vesicles, small

membrane-bound sacs that bud off the osteoblasts’ plasma membranes [44]. Hydrox-

yapatite crystals are nucleated inside the matrix vesicles, and the subsequent crystal

growth is spatially guided by collagen fibrils, which have a triple helix structure and

9The isotopes 42Ca and 44Ca have abundances of ∼ 0.6% and ∼ 2.1%, respectively.
10Ca10 (PO4)6 (OH)2.
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periodic gap zones at 40 nm intervals. Hydroxyapatite crystal growth is guided along

the fibril axis inside these gaps [45, 46].

Figure 1.10: Structural hierarchy of collagen. Figure credit:[46]

The crystal nucleation process preferentially incorporates the lighter 42Ca iso-

tope into hydroxyapatite, leaving the blood and urine slightly enriched in the heavier

44Ca isotope [47]. It has been suggested that because the Ca2+ ions can move freely

and compete for sites in the growing crystals, kinetic isotope fractionation is responsi-

ble [48]. In healthy individuals, the degree of biological isotope fractionation between

bone and blood serum is approximately ∆44/42Ca = δ44/42Cabone − δ44/42Caserum ≈

−0.03% [49]. The delta notation indicates:

δ44/42Ca =

(
(44Ca/42Ca)sample

(44Ca/42Ca)standard
− 1

)
× (100%). (1.25)

Because bone apatite is enriched in the lighter 42Ca isotope relative to 44Ca, when

osteoclast cells break bone down again, greater quantities of the lighter calcium iso-

tope are released back into circulation in the body, producing a measurable shift in
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the blood and urine calcium isotope ratios [50]. In people suffering from osteoporosis,

a disease which causes harmful levels of bone loss, the δ44/42Ca isotope ratio can shift

by roughly 0.015%, a nearly 20% change relative to the isotope ratio for healthy peo-

ple [49]. Calcium isotope ratio shifts could serve as a nearly real-time, non-invasive

biomarker for bone loss, with greater sensitivity to the onset of osteoporosis than

other biomarkers; bone loss can be detected in calcium isotope data around one week

after the onset of net bone loss, and long before changes are detectable via bone

mineral density imaging11 [51]. Additionally, calcium isotope ratio measurement has

the immensely attractive feature of being useful for screening well before invasive

procedures like bone biopsy would be considered clinically advisable.

Cancer is another disease for which stable isotope ratio measurement has

promising diagnostic applications. Copper is an essential trace nutrient involved in

a variety of critical cellular tasks, including cell proliferation and angiogenesis12 [52].

Consequently, many tumors overexpress a variety of copper-containing enzymes with

strong binding sites [53]. The Urey-Bigeleisen-Mayer equation predicts that heavier

isotopes concentrate in molecules with stronger bonds13. This hints that tumor mi-

croenvironments, with their abundant strong copper binding sites, are likely to be

enriched in 65Cu, the heavier of the two naturally occurring copper isotopes. Direct

measurements confirm that tumor tissue is indeed 65Cu-enriched [53].

In comparison to healthy controls, people with many types of cancer, espe-

cially liver, breast, and hematologic cancers, have blood plasma relatively enriched in

lighter 63Cu. Reported δ65Cu shifts are often −0.03% to −0.1% relative to healthy

controls; the degree of shift correlates with tumor type and progression. A longitu-

dinal study of breast and colorectal cancer reported that patients with serum δ65Cu

below −0.035% had poorer survival rates, and that a drop in δ65Cu preceded molec-

ular biomarkers by months [54]. However, liver diseases such as liver fibrosis can also

11Typically, dual-energy X-ray absorptiometry (DEXA) scans.
12The formation of new blood vessels.
13See Section 1.2.2.
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strongly influence serum δ65Cu, so clinical use will likely require pairing δ65Cu with

liver function assessment [55].

Breast cancer tissue has been demonstrated to sequester lighter zinc isotopes

relative to healthy tissue14. One study measured δ66Zn shifted ratio values for breast

cancer tumors as −0.06 to −0.09%, compared to healthy breast tissue with δ66Zn of

−0.03 to −0.05%, indicating a tumor-specific sink for light zinc isotopes [56]. Mech-

anistically, metallothionein (MT), a small, cysteine-rich protein that plays important

roles in detoxifying toxic metals and storing essential metals, is believed to be re-

sponsible for sequestering light zinc isotopes. Lighter isotopes are favored in cysteine

sites, and MT overexpression in tumors therefore drives isotopically light tissue sig-

natures [56]. In pancreatic and prostate cancers, urine samples have been observed to

become relatively enriched in lighter 64Zn versus healthy controls. The degree of light

isotope enrichment was found to consistently track risk category15, suggesting urinary

δ66Zn isotope ratios may provide a non-invasive diagnostic for pancreatic cancer, and

a prognostic support for prostate cancer [57].

Compared with controls, blood cancer patients are found to have significantly

higher δ66Zn in their blood plasma. The zinc isotope ratio predicted patient sur-

vival even after accounting for other known risk factors: the group of subjects with a

combination of increased δ66Zn and decreased δ65Cu was associated with an almost

quadrupled risk of death within 5 years [58]. Additionally, the zinc and copper iso-

tope ratios in the brain tissue of Alzheimer’s patients differs significantly from that of

controls, and varies systematically with Braak stage16, consistent with zinc’s involve-

ment in amyloid/tau17 pathology. Interestingly, the effects are in opposite directions:

δ65Cu is found to be lighter by −0.02% to −0.03%, while δ66Zn is heavier by 0.02%

14Zinc has five stable isotopes, with 64Zn and 66Zn being the most abundant.
15Low/intermediate/high risk, based on clinical criteria including PSA levels and Gleason scores.
16The classification system for degree of pathology in Alzheimer’s disease.
17Two proteins involved in brain function that misfold and clump together in Alzheimer’s disease,

damaging neurons.
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to +0.03% [59]. The isotopic excursions are interpreted as consequences of altered

bonding environments for zinc as plaques and tangles accrue, suggesting a potential

means to improve Alzheimer’s staging and monitoring methods if these isotope shifts

in brain tissue can be correlated with a more accessible metric, such as isotope shifts

in cerebrospinal fluid (CSF).

1.2.4 Rare isotopes as metabolic tracers

Figure 1.11: Left: George de Hevesy in 1913. Right: Ole Chievitz. [60]

The practical use of isotopes as tracers was pioneered by Hungarian physicist

and radiochemist George de Hevesy in 1911, two full years before the annus mirabilis

of 1913 fully established what isotopes actually are. His subsequent work on isotope

tracers laid the groundwork for an experimental method with a transformative impact

in chemistry, physiology, and medicine18. In chemistry, isotopic tracer methods permit

measurement of equilibrium constants and reaction rates in trace concentrations;

in biology and medicine, isotopes enable the mapping of metabolic pathways and

18de Hevesy received the 1943 Nobel Prize in Chemistry “for his work on the use of isotopes as
tracers.”
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nutrient cycles. Isotope tracer methods also underpin both diagnostic nuclear imaging

and radiotherapy dosimetry.

In 1911, de Hevesy arrived at the University of Manchester to work in Ernest

Rutherford’s laboratory as a postdoctoral researcher. There, he was tasked with

isolating “radium D,” a decay product of uranium which we now know to be a ra-

dioisotope of lead, 210Pb. de Hevesy would later recall Rutherford cheerfully setting

an experimental challenge: “My boy, if you are worth your salt, you separate radium

D from all that nuisance lead [61].” The separation of one lead isotope from another

was, of course, impossible by any means available at the time; after a year of strenu-

ous effort, de Hevesy finally gave up. To make the best of this “depressing situation,”

as he later put it, de Hevesy considered whether the chemical inseparability of lead

and radium D could be put to good use: “I thought to avail myself of the fact that

radium D is inseparable from lead and to label small amounts of lead by addition of

radium D of known activity [61].”

Figure 1.12: 1906 image of Rutherford’s laboratory building at Manchester [62].
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There is a famous story told by de Hevesy about his first experimental use

of isotope tracers. During his time working in Rutherford’s Manchester laboratory,

the renters at the boarding house where he lived suspected their landlady of recy-

cling leftovers from previous meals into stew for meals later in the week. To prove

this, de Hevesy secretly added a tiny quantity of radium D from the laboratory to

the leftovers at the end of a meal. When a stew with suspiciously familiar-looking

ingredients appeared the next day, he tested it with an electroscope. The radioac-

tive signature of radium D provided clear experimental evidence that their suspicions

had been well-founded [60]! de Hevesy realized that the chemically identical isotopes

of an element could serve as “labels” to trace atoms through complex systems with

negligible disturbance to the systems; he termed this the “method of isotopic indica-

tors [63]”. For example, because radium D “can be detected in incomparably smaller

amounts than lead, it can thus serve as a qualitative and quantitative proof [of the

presence] of lead to which it was added: RaD becomes an indicator of lead [64].”

The 1934 discovery by Frédéric and Irène Joliot-Curie that radioisotopes could

be artificially produced by α-particle bombardment provided a crucial means of pro-

ducing radioisotopes of biomedical interest such as phosphorus, carbon, nitrogen, and

oxygen [65]. In 1935, de Hevesy collaborated with Ole Chievitz, a Danish anatomist

and surgeon at the University of Copenhagen19, on an experiment that provided the

first clear demonstration that isotopes can quantitatively trace metabolic pathways

in living organisms. Their research was designed to test whether 32P, a β-emitter

with a two-week half-life, could follow phosphate metabolism in vivo [66]. Initially,

de Hevesy produced their samples of 32P by neutron bombardment of sulfur, most

likely using a radon-beryllium neutron source [67]. However, the yields of 32P from

this method are very low, and subsequent samples were supplied by Martin Kamen

19Chievitz was deeply involved in the Danish Resistance during World War II, coordinating the
clandestine transport of supplies concealed within deliveries for the University of Cophenhagen’s
anatomy department, and was a member of the covert Danish Freedom Council. Arrested and im-
prisoned by the Gestapo in 1944, he died in 1946, reportedly from health complications attributable
to his wartime incarceration.
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in Ernest Lawrence’s cyclotron group at the University of California (UC) Berkeley

[67]. The test subjects were living rats, to whom the tracer was administered intra-

venously or orally as minute quantities of 32P orthophosphate. The 32P decay signal

was measured using Geiger-Müller counters and ashed tissue samples, allowing a de-

termination of the rate of phosphorus exchange between blood plasma, soft tissues,

and bone.

Figure 1.13: The 27′′ Berkeley cyclotron in 1935 [68].

Chievitz and de Hevesy found that within hours, 32P appeared in virtually all

organs, particularly the kidneys and liver. This strongly suggested an active exchange

process. They were also able to determine the biological half-times20 for phosphate

in different tissues. Soft-tissue phosphate is exchanged within hours to days, while

bone phosphate is exchanged more slowly, over weeks: “the formation of bones is a

20The time required for half of a given quantity to be eliminated from a biological system.
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dynamic process, the bone continuously taking up phosphorus atoms which are partly

or wholly lost again, and are replaced by other phosphorus atoms. In the case of an

adult rat, about 30% of the phosphorus atoms deposited in the skeleton were removed

in the course of twenty days [66].”

Meanwhile, at UC Berkeley, physician John Lawrence21 and his colleague

Joseph Hamilton had become interested in using isotope tracing as a method to

study electrolyte turnover in the human body. Two years after de Hevesy and

Chievitz published their 32P tracer experiment on rats, the Berkeley group extended

this work by carrying out, arguably, the first demonstrations of isotope tracers in

human metabolism [69, 70, 71]. 24Na, a pure β-emitter with an experimentally con-

venient 15-hour half-life, was chosen as the tracer isotope. The samples of 24Na were

produced by deuteron bombardment of crystalline NaCl in the cyclotron constructed

by Ernest Lawrence and his group at the nearby UC Berkeley Radiation Laboratory

[71].

The experiments involved the intravenous injection of 80 − 200 µCi doses of

24NaCl into test subjects, who were hospital patients and healthy volunteers. Detec-

tion of the tracer was performed by a combination of external whole-body counts,

as well as measurements from blood and urine samples. Whole-body counts were

estimated using a special apparatus, consisting of a Geiger-Müller counter inside a

lead box fitted over the hand and forearm. Measured activity served as an indicator

of systemic 24Na absorption. Within a year, Hamilton extended this tracer approach

for studying electrolyte metabolism to potassium, chlorine, bromine, and iodine in

healthy subjects [72].

In the 1930s to 1950s, cyclotron-produced isotopes, including the iron radioiso-

topes 59Fe and 55Fe, served as tracers for a wide range of clinical and metabolic

21Younger brother of Ernest Lawrence! In 1936, he founded UC Berkeley’s Donner Laboratory,
the world’s first institute devoted to medical applications of nuclear science. It is often regarded as
the birthplace of nuclear medicine.
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Figure 1.14: Illustration of the apparatus used by the Berkeley group for whole-
body counts [71]. It is interesting to consider how the visual language of science
communication has varied over time.

studies, marking the beginning of modern hematology and iron metabolism research

[73, 74, 75]. Studies used radioactive iron to quantify a variety of medically significant

processes, including the biological half-time of iron in plasma, the turnover rate of

red blood cells, and direct confirmation that human iron metabolism is a closed cycle,

without a direct excretory mechanism. The use of iron isotope tracers to label red

blood cells, a crucial technique for later studies, was pioneered in 1941 by researchers

at the University of Rochester [76]. The following year, the Rochester group quanti-

fied iron absorption in both healthy subjects and in those who are pregnant, anemic,

40



or have hemochromatosis22: subjects overloaded with iron had very little iron uptake,

while those with anemia had the highest uptake, suggesting that iron absorption is

affected by physiological needs [77]. One of the earliest population nutrition studies

measured the absorption of orally administered radioactive iron in schoolchildren in

1947 [78]. In the 1950s and 1960s, the US Public Health Service, the University of

Wisconsin, and Harvard University conducted landmark studies in pediatric nutrition

using radioactive 55Fe and 59Fe. This work directly led to an understanding of the

variability of iron absorption depending on iron status, diet, and age. It also was

instrumental in setting daily iron intake requirements for infants and small children

[79, 80, 81].

However, a cavalier approach to risk and patient consent in isotope tracer re-

search during this period resulted in notorious and sometimes absurd case studies

in unethical research practices, such as a 1949 study funded by the Quaker Oats

Corporation and the Atomic Energy Comission, in which unsuspecting boys who

joined the “science club” of a Masachusetts institution for developmentally disabled

children were fed oatmeal dosed with 55Fe and 59Fe, with the major goal being to

demonstrate that Quaker Oats oatmeal is as nutritious a source of dietary iron as

its direct competitor, Cream of Wheat [81, 82, 83]. This incident, and others like

it, were re-evaluated by the Advisory Committee on Human Radiation Experiments

(ACHRE) in 1995 [84]. The ACHRE review highlighted prenatal and pediatric expo-

sures lacking direct medical benefit; this helped to establish the current principle that

ionizing tracers should not be administered to children unless absolutely medically

necessary, and no other viable options are available. In the late 1980s to 1990s, the

wider availability of mass spectrometry allowed stable isotope tracers to replace the

use of radioisotopes in most metabolic studies, particularly those involving children

[85, 86, 87].

22A genetic disorder in which the body absorbs and stores excessive quantities of iron.
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1.3 Iron and iron deficiency

Iron is one of the most essential trace elements in human nutrition, playing

a critical role in a wide range of processes, including oxygen transport, immune re-

sponse, neurotransmitter synthesis and brain function, as well as DNA synthesis and

repair. It is also one of the most functionally versatile trace elements in biology, partly

due to its ability to readily interconvert between Fe2+ (ferrous) and Fe3+ (ferric) oxi-

dation states, and partly because it can be incorporated into biological cofactors with

many different geometries, electronic properties, and reactivities. Some representative

examples of iron’s multifaceted biological role are briefly outlined in this section.

Figure 1.15: Structure of hemoglobin molecule [88].

Each molecule of hemoglobin has four heme groups, with a central Fe2+ ion

that binds oxygen reversibly, allowing efficient oxygen uptake in the lungs and deliv-

ery to tissues[89]. Iron is embedded in several crucial cofactors of the mitochondrial

electron transport chain (ETC), which are critical to the oxidative steps by which

mitochondria produce ATP, the energy-carrying molecule present in all known forms

of life [89]. Iron acts as a catalytic cofactor in many enzymes across metabolic path-

ways; for example, catalase and peroxidases decompose hydrogen peroxide molecules,

protecting cells from oxidative damage [89]; cytochrome P450 enzymes are involved in
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steroid synthesis, drug detoxification, and fatty acid metabolism[90]; ribonucleotide

reductase (RNR) is an iron-dependent enzyme that generates deoxyribonucleotides

from ribonucleotides, the rate-limiting step in DNA synthesis [91]. Iron is thus critical

for cell division, growth, and tissue repair.

Iron is also central to the immune response process known as oxidative burst, in

which macrophages produce reactive oxygen species (ROS) to kill engulfed pathogens

such as bacteria and fungi [92]. In a process called nutritional immunity, the body

attempts to withhold iron from pathogens. During infection, iron is sequestered by

proteins such as lactoferrin and transferrin, while hepcidin increases to reduce iron

export, starving pathogens of iron [93]. Iron is an essential cofactor in the biosyn-

thesis of key neurotransmitters: dopamine, norepinephrine, and serotonin require

Fe2+ cofactors. Iron deficiency can result in reduced dopamine and serotonin levels,

contributing to cognitive impairment, movement disorders, and mood disturbances

[94].

Plainly, the role of iron is not confined to a single metabolic pathway: it is

simultaneously an oxygen carrier, energy mediator, catalytic cofactor, DNA synthesis

enabler, immune system effector, and signaling regulator. This variety of roles helps

explain why iron deficiency can cause such wide-ranging symptoms23, and why iron

overload leads to multisystem damage, including organ failure.

1.3.1 Effects of pediatric iron deficiency

Iron deficiency in childhood has wide-ranging physiological, developmental,

and cognitive consequences. Because iron is central to oxygen transport, energy

metabolism, neurotransmitter function, and DNA synthesis, iron deficiency during

periods of rapid growth, such as infancy and early childhood, can have especially

negative effects. The most vulnerable period occurs in the first 1000 days from con-

ception through the second year of life, when iron deficiency can cause permanent

23Fatigue, immune weakness, impaired cognition, and developmental delays, among others.
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Figure 1.16: Timeline of neurological development. Note the clustering of critical
processes during the first 1000 days of life. Image credit: [95].

alterations in brain structure and function. The effects of iron deficiency in later

childhood and adolescence are more reversible, though persistent learning difficulties

may result if early deficiency is untreated [96, 97]. Children with chronic iron defi-

ciency often have lower height-for-age and weight-for-age z -scores. This reflects the

reduced energy available for growth due to impaired oxygen delivery, and limited cell

division in cartilage and bone growth plates [98]. Catch-up growth is possible with

iron supplementation, but the treatment effectiveness depends on when the deficit

occurred. Individuals whose iron deficits occurred during the critical growth window

from early infancy to toddlerhood are less likely to have fully normalized growth.

Sitting, crawling, standing, and walking often occur later in iron-deficient in-

fants. This is because iron is a cofactor for enzymes involved in the process of nerve

myelination, where oligodendrocytes in the central nervous system and Schwann cells

in the peripheral nervous system wrap nerve axons with myelin, which is a lipid

sheath that enables rapid and efficient nerve impulse conduction. Iron is indispens-

able for proper brain maturation, especially during the first two years of life, when

myelination, synaptogenesis, and neurotransmitter regulation are at their peak [99].

Early iron shortages can cause structural and functional alterations that may not be

fully reversible: infants with iron deficiency anemia show altered white matter struc-
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ture on MRIs, as well as deficits in tests of cognitive, motor, and social development

[100]. Structural and functional changes occur in the hippocampus, a brain region

governing learning, memory, and spatial processing, and which has particularly high

iron demand. Animal models show reduced dendritic branching and synaptic plas-

ticity [101]. Even if the iron deficiency is treated later on, these impairments may

not be fully reversed: studies following up with anemic infants more than 10 years

later continued to show worse school performance and motor coordination, despite

normalization of hemoglobin [102].

1.3.2 Iron deficiency and public health

Iron deficiency is the world’s most prevalent nutritional disorder, affecting

populations in both developed and developing countries. Its public health impact

spans growth and cognitive development, productivity, pregnancy outcomes, and in-

fection susceptibility, making it a major contributor to the global burden of disease.

The World Health Organization (WHO) estimates that more than 30% of the global

population suffers from anemia, and about half of these cases are due to the more

severe iron deficiency (IDA) [103]. Worldwide, around two billion people are affected

by anemia, including nearly one-third all women of reproductive age and children

younger than 5 years old [103, 104]. When including individuals with low iron levels

who are not yet anemic, the total number affected likely exceeds three billion people.

Though iron deficiency affects every country and socioeconomic group, its severity

and causes differ between high-income and low-income regions. Regional inequality

is stark: the prevalence of anemia in sub-Saharan Africa is roughly five times that in

North America.

The greatest absolute burden of iron deficiency is in South Asia due to its high

population density; India alone accounts for nearly one-quarter of global IDA cases.

Around 40% of South Asian women of reproductive age24 and 50% of children are

24Aged 15-49, for the purposes of WHO-reported statistics.
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Figure 1.17: Global anemia prevalence (%) for women aged 15-49 in 2019. [105].

affected by anemia. The highest global prevalence of anemia is in sub-Saharan Africa,

where about 55% of women of reproductive age and 60% of preschool children are ane-

mic. The prevalence of anemia in high-income nations is comparatively low, around

8 − 12% of women and less than 5% of children. However, iron deficiency without

anemia is still common, affecting up to 25% of women of reproductive age and 10% of

toddlers. Even in a high-income nation like the United States, anemia disproportion-

ately affects low-income and economically marginalized populations, reflecting deep

nutritional and health-care inequities. About 15% of low income25 American chil-

dren and 18% of low-income women are anemic, roughly twice the incidence among

higher-income Americans [106, 107].

25Defined as ≤ 130% of the federal poverty level.
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Iron deficiency is also tremendously economically costly [108]. The WHO and

World Bank identify iron deficiency among the top ten causes of global disability and

a major barrier to achieving Sustainable Development Goals (SDGs) related to educa-

tion, gender equality, and economic development [109]. Economic losses are estimated

at 2-3% of GDP in the worst-affected low- and middle-income countries (LMICs) [110].

Globally, the annual economic cost is estimated at roughly $70−$90 billion (USD) in

lost productivity and health expenditure. Iron deficiency reduces hemoglobin concen-

tration, limiting oxygen delivery to muscles and impairing endurance. For economies

reliant on physical labor in agriculture and manufacturing, the macroeconomic impact

can be significant. One study of iron-deficient Sri Lankan rubber-plantation workers

showed 10− 20% lower physical work output compared with their non-iron-deficient

peers. Iron therapy significantly improved endurance and productivity [111].

As discussed in the previous section, iron deficiency in infancy and early

childhood impairs myelination, synaptic pruning, and neurotransmitter metabolism.

These effects translate into poorer school performance, and lower educational attain-

ment, reducing lifetime earnings and national human capital. Iron-deficiency anemia

increases the risk of preterm birth, low birth weight, and maternal mortality. One

study has estimated that in LMICs, 19% of preterm births, 12% of low birth-weight

births, and 18% of maternal deaths in the weeks before and after birth are attributable

to maternal anemia [112].

1.3.3 Bioavailability studies

For these reasons, preventing iron deficiency is of great interest to both clinical

physicians and those concerned with public health, particularly in LMICs. Although

iron is abundant in nature, it can be difficult to absorb from food, especially for

young children. This makes the use of iron fortificants a critical part of a strategy

to address iron deficiency. Fortification of flour, rice, or salt with iron is one of the

most cost-effective public-health interventions known, with studies finding a cost-

benefit ratio between 1 : 6 and 1 : 35, meaning every dollar spent yields up to $35
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in economic benefit [108]. For example, flour fortification programs in some Latin

American countries, such as Venezuela, significantly reduced anemia incidence at a

cost of around $0.12 (USD) per person per year [113].

Many different iron fortificants are available, including ferrous salts and molec-

ular complexes such as iron polymaltose. Unfortunately, the bioavailability of a given

fortificant formulation can vary in ways that are difficult to predict in advance. The

WHO, FAO, and the Global Alliance for Improved Nutrition (GAIN) all emphasize

that bioavailability estimates must be context-specific; absorption fractions of a single

fortificant have been found to vary from 2% to 20%, depending on the population

[114]. This variance in absorption can be attributed to a range of factors, including

consumption of certain staple foods rich in molecules which inhibit iron absorption,

as well as chronic inflammation and infection burdens, both microbial and parasitic

[114, 115, 116]. Thus, a fortificant that appears highly bioavailable in one controlled

study may perform quite differently in real-world application.

Population-level bioavailability studies using stable isotope tracers are indis-

pensable for bridging the crucial knowledge gap between precise metabolic tracer

results in individuals and the impact of iron fortification programs on community

health outcomes. They can also inform analyses of cost-effectiveness and sustainabil-

ity for national programs, because population-level isotope studies provide a direct

quantitative measure of effectiveness. For example, population-level isotope data

demonstrated that the fortificant ferric sodium EDTA (NaFeEDTA) can be absorbed

with double or triple the efficiency of ferrous sulfate (FeSO4) among people with pri-

marily cereal-based diets, because NaFeEDTA is stable and soluble in the intestinal

lumen, protecting iron from phytate binding and improving uptake in phytate-rich

cereal or legume meals [117]. When inhibitors are low, this advantage disappears,

illustrating the food matrix dependence of iron bioavailability [118]. These findings

led the WHO and the United Nations Food and Agriculture Organization (FAO) to

recommend the use of NaFeEDTA when phytate levels are high, despite its signif-
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icantly higher material cost, because it is far less expensive in terms of per-dollar

effect on iron levels [119].

Two well-known stable iron isotope case studies from Mexico and Morocco

illustrate the importance of selecting an effective fortificant, the potentially critical

impact that dietary and other factors can have on bioavailability, and the utility of

stable isotope methods for answering such research questions. In 1999, roughly two-

thirds of Mexican children under two years of age were iron deficient, and about half

were anemic [120, 121]. The PROGRESA program in Mexico (later renamed Opor-

tunidades, then Prospera, and now largely replaced by the Becas para el Bienestar

Benito Juárez scholarship programs) is widely cited in global nutrition literature as a

demonstration of both the potential and pitfalls of iron fortification and supplemen-

tation in large-scale poverty alleviation programs. While PROGRESA was primarily

a conditional cash-transfer program for households whose children attended school

and health checkups, its nutrition component supplied fortified foods for low-income

women and children, providing a real-world test of whether anemia and developmental

outcomes could be improved at the population level by a large-scale iron fortification

program.

However, the initial iron fortificant chosen for the fortified beverage Nutrisano

turned out to be chemically inappropriate for the food matrix, resulting in poor

iron absorption. This problem, which was identified and analyzed by Prof. Steven

Abrams and colleagues, is a textbook example of how fortificant selection, even in a

large and well-funded program, can determine success or failure [123]. Beginning in

1999, Nutrisano, a powdered milk-based fortified complementary food26, was given

to infants and small children less than 2 years old in the PROGRESA program.

Nutrisano contained added vitamins and minerals, including a 10 mg/day dose of

iron. The fortificant initially selected was reduced iron powder, chosen mainly for its

low cost and ease of blending with the dry powder. However, as Abrams and others

26A food given as a supplement to infant formula or breast milk.
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Figure 1.18: Nutrisano beverage and supplements.[122].

later demonstrated using stable isotope methods, this form of iron is poorly soluble

and biologically unavailable, especially in milk-based foods that lack strong enhancers

such as ascorbic acid [124]. Following these findings, Nutrisano was reformulated

with a more bioavailable iron fortificant, as well as added ascorbic acid for enhanced

iron absorption. Subsequent evaluations showed measurable improvements in the

hemoglobin and ferritin of children fed the revised formula [125].

In 2004, Morocco implemented a national wheat-flour fortification program as

part of a regional initiative to combat widespread iron deficiency and anemia. The

program used elemental iron as a fortificant, with an average fortification level of 45

mg Fe/kg flour [126]. The program objective was to reduce anemia prevalence among

women and children, which exceeded 30% at the time the program was implemented

[127]. Wheat bread is a Moroccan dietary staple, being consumed at nearly every

meal, making it an ideal fortification vehicle.

Yet, despite the fortification of virtually all wheat flour available in the market

and consumed by the population, anemia prevalence remained high [127]. Stable
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Figure 1.19: Moroccan tea.[128].

iron isotope studies demonstrated that the culprit was, interestingly, tea. Tea is a

very important part of the Moroccan diet, where the average consumption is nearly

two kilograms of tea per person per year [129]. However, tannins and polyphenols,

compounds found in high amounts in tea and coffee, are potent inhibitors of iron

absorption, which can be reduced by more than 85% when consumed with strong

tea [127, 130]. Researchers concluded that the inhibitory effect of high levels of tea

consumption effectively nullified the bioavailability of the fortificant iron from wheat

flour, providing nominal iron intake without meaningful absorption. In 2018, a change

of fortificant from elemental iron to NaFeEDTA was mandated by the Moroccan

government, with stable isotope studies underpinning the decision [131].

1.3.4 Scarcity of pediatric data

Infants and toddlers are among the groups most vulnerable to iron deficiency

[98]. Infants have a high nutritional need for iron owing to their rapid growth. Fetal

iron stores are depleted after the first 4-6 months of life, and solid foods for infants

are often plant-based and low in bioavailable iron. This has made iron fortification
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and supplementation for infants a public health priority. Yet, despite decades of re-

search on iron fortification in adults and women of reproductive age, there remains a

marked scarcity of robust, population-level studies assessing the real-world effective-

ness of iron fortificants for infants and children younger than 2 years old [98]. Most

national fortification programs target wheat or maize flour, but infants consume too

little flour-based food to meaningfully benefit [132, 133]. While there are many short-

term studies of iron-fortified complementary foods or micronutrient powders (MNPs),

studies with population scale or long-term follow-up to assess sustainability and un-

intended effects, such as gut infection risks, are relatively few. This research gap

is noted by major reviews: the WHO, UNICEF, and NIH highlight “uncertainties,

knowledge gaps, and research needs” for iron supplementation in children less than

two years old [134, 135, 136]. In addition, infants may respond differently to iron

fortificants and supplements than older children or adults: immature hepcidin con-

trol may make infants more susceptible to iron overload [137, 138]; increased iron

intake in malaria-endemic regions has been demonstrated to increase infection risk

[139, 140]; and many infants in LICs exhibit chronic inflammation, making ferritin a

poor marker of anemia in some cases [141, 142].

The economic justification for infant-specific formulations remains uncertain

without robust population data. However, large-scale, population-representative iso-

tope studies in infants are very technically challenging due to the very small permis-

sible blood volumes and the requirement for specialized analytical infrastructure, in-

cluding a suitable mass spectrometer and lab personnel trained in performing isotope

ratio analysis on medical samples. The goal of this project is to provide an alterna-

tive approach. Optical spectroscopy offers an ultra-sensitive analytical method that

bypasses the technical bottleneck, while being scalable and cost-effective.
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Chapter 2: Experimental / Technical Background

2.1 Protocol for stable isotope tracer studies

Medical studies using stable iron isotopes often make use of an experimentally

convenient fact: the human body’s store of iron is largely carried in erythrocytes (red

blood cells). The storage of iron in the body is sometimes described in medical sources

as having three compartments: functional, storage, and transport [143]. About two-

thirds of the iron in the human body is found in hemoglobin, the protein that red blood

cells use to bind and transport oxygen through the body. The storage compartment

is ferritin/hemosiderin, which are biomolecules that can hold around 4, 500 Fe3+ ions

apiece in their hollow cores, and which are found particularly in the liver, spleen,

and bone marrow. The functional compartment is myoglobin, the oxygen-carrying

protein equivalent of hemoglobin which is found in muscle tissue. There are sex-

related differences in iron stores, both in terms of amount of iron stored, and in

where the balance of iron is stored. The average adult woman has a total body iron

of about 2.8 grams, and the average adult man has a total body iron of 4 grams.

Adult women tend to have less of their total body iron stored in ferritin/hemosiderin

than men, due to menstrual losses: on average, men have around 23% of their total

iron stored in ferritin, while for women the percentage is closer to 10% [144]. The

hemoglobin content of whole blood is about 150 g/L for men, and 135 g/L for women.

In terms of the iron content of blood, this translates to about 470 mg Fe/L for women,

and 520 mg Fe/L for men [145, 146].

Pediatric blood iron content differs from that of adults in scientifically inter-

esting ways. Newborns initially have much higher blood iron than adults (as high

as 700 mg Fe/L), due to the presence of fetal hemoglobin (HbF). Fetal hemoglobin

has higher oxygen affinity than regular hemoglobin, helping deliver oxygen in utero

from the maternal bloodstream [148]. However, this declines in infants to a nadir
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Figure 2.1: Ferritin storing Fe3+ ions. Image credit: [147].

of only around 350 mg Fe/L. This is known as physiological anemia1, because it is

the result of physiological changes as the newborn transitions from the intrauterine

environment to the outside world. The initial high oxygenation from HbF suppresses

erythropoietin (EPO) production in the kidneys, slowing red-cell production in the

bone marrow. The fetal hemoglobin is gradually replaced by regular hemoglobin. As

children grow, their hemoglobin levels gradually rise to around 380 − 450 mg Fe/L,

reaching typical adult levels of blood iron during adolescence [149].

2.1.1 Sequence for analysis

The standard protocol for stable isotope tracer studies is to administer a dose

in which one or more of the naturally occurring isotopes have been significantly en-

riched. For iron the enriched isotopes are typically 57Fe and/or 58Fe, because their

low natural abundance gives a good signal-to-noise ratio. The dose is delivered with

a standardized test meal, which is often the tracer dissolved in orange juice or fruit

1In distinction to pathological anemia.
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Figure 2.2: Protocol for stable iron isotope tracer studies [150].

syrup [151]. Ascorbate (vitamin C) in the juice helps keep iron in the ferrous
(
Fe2+

)
state, which is soluble, and helps enhance absorption by forming a chelate with ferric

iron in the acidic environment of the stomach, which remains soluble in the alkaline

environment of the small intestine [152, 153]. In some studies, the test meal is also

given in the form of an isotopically enriched wheat bread roll [154].

Typical doses of elemental iron per test meal are about 5 mg for adults and

young children, and 2−2.5 mg for infants [155, 156, 157, 158]. The doses for children

are smaller because their blood volumes are substantially less than that of an adult, so

even milligram tracer quantities cause a measurable isotopic enrichment in red blood

cells2. The goal is isotope ratio enrichment, not supplementing iron intake; the tracer

isotope quantity is negligible compared to daily dietary requirements, typically < 10%

of recommended daily allowance (RDA). It is also possible to make use of double or

triple stable isotope labeling, by giving some combination of 54Fe, 57Fe, and 58Fe in

different test meals given over several days [159, 160]. The double-labeling approach

is most common, however. Multi-isotope labeling allows within-subject comparisons

and corrections for red blood cell incorporation, making the measurement of fractional

2For reference, the typical blood volume of adults is 4− 6 L, while that of a 7 kg infant is 0.5 L.
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iron absorption more accurate.

Around two weeks after the tracer was administered, a sample of blood is

drawn, and isotope ratios are analyzed to evaluate how much of the dose was absorbed

and incorporated into red blood cells [161, 162, 163]. The reason for this timing is

that the red cell incorporation of the iron isotope tracer plateaus around 14 days

[164]. Earlier or later blood draws are possible, depending on research focus and the

population being studied. An initial pre-dose blood draw is used to establish the

baseline whole blood isotope ratio for the tracer isotope τ vs. 56Fe :

Rpre =
nτ

n56

∣∣∣∣
pre

(2.1)

where nτ represents moles of tracer isotope τ . The post dose ratio is then measured

∼ 14 days later:

Rpost =
nτ

n56

∣∣∣∣
post

(2.2)

The dose of tracer iron isotope(s), nτ0 , is known. Denoting the set of stable iron

isotopes k ∈ {54, 56, 57, 58}, the ratio of a given isotope to the reference isotope can

be written:

Rk ≡
nk

nref

, with Rref ≡ 1 (2.3)

As the most abundant isotope, and consequently the strongest signal by far,

it is often convenient to choose 56Fe as the reference isotope. Using this convention,

the measured fraction of tracer isotope τ , computed in terms of isotope ratios, can

be given by:

xτ =
Rτ∑
k Rk

=
Rτ

1 +
∑

k ̸=56Rk

. (2.4)
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Because only the tracer isotope(s) changes appreciably after dosing, the post-dose

“atom excess” of tracer isotope τ can be expressed as the following fraction, Aτ :

Aτ = xτ,post − xτ,pre =
Rpost −Rpre

1 +
∑

k ̸=56Rk,nat

(2.5)

Here, the term Rk, nat in the denominator is computed using the naturally occurring,

unenriched isotope ratios.

Calculating the fraction of tracer iron incorporated into red blood cells requires

estimating the total amount of iron circulating in red cells at the time the blood is

drawn. This estimate is based on two quantities: the subject’s total blood volume,

and the hemoglobin content per unit of blood volume. Blood volume estimates for

adults are performed with empirical formulas known as the Nadler equations:

Vmen = 0.3669×H3 + 0.03219×W + 0.6041

Vwomen = 0.3561×H3 + 0.03308×W + 0.1833
(2.6)

where H is height in meters and W is weight in kilograms [165]. The Nadler equations

were derived from studies of adults, so for children and infants a different set of empir-

ical relations between body mass and total blood volume are used: newborns typically

have blood volume of 80− 90 mL/kg, infants 1− 12 months old 75− 85 mL/kg, and

children less than 13 years old 70− 80 mL/kg [166, 167].

The amount of hemoglobin per unit volume of whole blood can be determined

by a complete blood count (CBC), one of the most standardized clinical lab tests.

Modern CBCs are usually performed by automated hematology analyzers, whose

operating principles are based either on electrical impedance, or on flow cytometry

with lasers. Prior to the introduction of automated systems in the mid-1960s, manual

cell counts required 15-30 minutes per patient, whereas with an automated system

a CBC can be performed in about 1 minute of instrument time, with vastly higher

counts [168]. The underlying physics is surprisingly interesting and applicable, so

we will discuss it very briefly. Impedance-based analyzers operate on the Coulter
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principle, named after electrical engineer and inventor Wallace Coulter, who invented

a method to count small particles suspended in fluid in 1953 [169, 170]. Red blood cells

suspended in an electrically conductive fluid are drawn through a small aperture with

electrodes on either side. As the red cells pass through the aperture, they displace

the electrolyte in the aperture. Since the red blood cells are electrically insulating

compared to the solution, their passage through the aperture causes brief spikes in

electrical impedance, which the instrument registers as a cell count. The pulse height

can be correlated to cell volume.

Figure 2.3: Schematics from Coulter’s 1953 patent for his counting device [169].

In flow cytometry-based hematology analyzers, cells are injected into a fast-

moving saline stream, which forms a “sheath” around the slower-moving sample

stream, ensuring laminar flow of the sample stream. The sheath stream hydrody-

namically focuses the sample stream so cells pass one by one through the laser inter-

rogation point, which is typically either blue at 488 nm, or red at 633 nm [171]. The

historical reason for these wavelength choices is that flow cytometers built before the

development of solid-state diode lasers were usually equipped with 488 nm argon-ion

or 633 nm HeNe lasers, and these wavelengths became standard, particularly the

488 nm blue laser [172]. As cells pass through the laser beam, the forward-scattered
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(FSC) and 90◦ side-scattered (SSC) light is split by dichroic mirrors and collected on

photomultiplier tubes (PMTs).

Figure 2.4: Modern flow cytometer [173].

The intensity of the forward-scattered light is proportional to the square of

the cell diameter d [174]:

IFSC ∝ d2 (2.7)

At the large scattering angles of the side-scattered light, scattering intensity is sensi-

tive to the internal structure of the cells, with the intensity varying as

ISSC ∝ (∆n)2 ×Nsubstructures (2.8)

where ∆n is the refractive index difference between cellular substructures and their

surrounding cellular cytoplasm, and Nsubstructures is the number of those structures.

In the case of cells, this is referred to as “granularity,” and is due to subcellular
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structures such as nuclei, vesicles, and membranes. This provides a signature allowing

identification of the cell type. For example, granulocytes, a type of white blood cell,

are (unsurprisingly) highly granular. Lymphocytes, a different type of white blood

cell, are largely simple cytoplasm and have low granularity.

From the above measurements, the iron contained in circulating hemoglobin

can be found from:

nFe(Hb) = V × [Hb]︸ ︷︷ ︸
grams Hb in blood

×
(
6.21× 10−5

mol Fe

g Hb

)
(2.9)

Here V is the total estimated blood volume, and [Hb] is the measured concentration

of hemoglobin. The quantity of isotope tracer in red blood cells is given by:

nτ(RBC) = Aτ × nFe(Hb) (2.10)

The fractional absorption of the tracer is, of course, given by the ratio of the tracer

in the red blood cells divided by the original tracer dose nτ0 :

Fτ =
nτ(RBC)

nτ0

(2.11)

For double-isotope studies, the relative absorption of two different test meals dosed

with tracer isotopes τ1 and τ2 is given by:

Relative absorption =
Fτ1

Fτ2

(2.12)

Some fraction of tracer isotope iron is incorporated into stores in the liver or

myoglobin in muscle, instead of making its way into red blood cells. However, it

is possible to experimentally correct for the loss of tracer into other iron compart-

ments. If a small dose of an isotope different from the tracer isotope(s) of interest is

given intravenously around the time that the test meal is given, then this provides

a quantitative measure of red blood cell incorporation efficiency, helping to correct
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oral absorption calculations [162]. Because the IV tracer is injected directly into

the bloodstream and bypasses gut absorption processes, its “absorption factor” is

essentially 100%. Measuring the ratio of this IV microtracer that is incorporated in

red blood cells allows calculation of a correction factor representing the fraction of

absorbed iron which a particular individual’s metabolic process directs to red blood

cells:

fRBC =
nIV(RBC)

nIV(dose)

(2.13)

The corrected fractional absorption becomes:

Fτ =
nτ(RBC)

nτ0

× 1

fRBC

(2.14)

The remaining piece of the puzzle is the determination of isotope ratios, which we

turn to in the next section.

2.1.2 Alternative to mass spectrometry

The analytical portion of stable isotope studies usually relies on mass spec-

trometry, which is a sensitive and powerful method. However, the practical sample

throughput for isotope ratio analysis is limited to dozens of samples per day. Ad-

ditionally, the equipment and personnel overhead is immense: both a million-dollar

mass spectroscopy device and laboratory personnel with the specialized training to

prepare biological samples for analysis are needed [175]. Perhaps the most significant

obstacle to large-scale iron isotope tracer studies is complex, time-consuming sample

preparation.

Before isotopic analysis, iron must be separated from isobars3, whose mass

signature interferes with that of the iron tracer isotopes. For example, 54Cr interferes

with measurements of 54Fe, and 58Ni interferes with 58Fe. Sample preparation requires

3Isotopes of different elements with the same atomic mass.
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at least a couple of days for a well-equipped lab [176, 177]. For blood samples,

the procedure requires 16 − 24 hours of drying and heating in a muffle furnace, 2-3

hours to prepare the sample in concentrated hydrochloric acid for anion-exchange

chromatography, around 2 hours for the purification process, then another hour to

dry and reconstitute the purified samples [178, 179, 180]. This procedure is not well-

suited to processing hundreds or thousands of samples. Subsequent sections discuss

our sample processing methods in detail; it is worth noting here that we have been

able to reduce sample preparation time to around 2.5 hours, from whole blood to

analysis-ready sample; these methods can be performed by laboratory technicians

without special training, and are plausibly scalable to hundreds or more samples

per day. Additionally, the most expensive hardware required is a narrow-linewidth

external cavity diode laser (ECDL) costing two orders of magnitude less than a mass

spectrometer.

2.1.3 Pediatric blood draw

Studying pediatric iron deficiency requires working with very small blood sam-

ples, typically on the order of a few hundred microliters, and presents significant

technical challenges [181, 182]. The difficulty arises from physiological factors com-

pounded by stringent limits on sample volume, as well as ethical constraints on pain

and risk. Infant phlebotomy requires specific training, and novice collectors have a

first-attempt success rate of < 50% [183]. The total blood volume in a newborn is

only about 250 − 300 mL, so even small samples of 1-2 mL represent a significant

fraction of circulating blood [184]. In addition, infant veins are small, mobile, and

collapsible. They lack the connective tissue stabilization seen in older children, mak-

ing venipuncture technically difficult [185]. The subcutaneous fat layer can obscure

veins, especially in healthy term infants. Prolonged bleeding can occur after puncture

because platelet function and coagulation factors are not yet at adult levels [186].

The preferred methods for drawing blood samples from young children and

infants are a heel stick with a lancet, drawing blood by capillary tube or onto a
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filter paper spot card. Capillary tubes for pediatric blood sampling are typically

anticoagulant-coated glass or plastic with a 70− 100 µL capacity [185]. They enable

the safe collection, transport, and analysis of blood microsamples from infants. There

is a difference in the composition of blood drawn by capillary tube from a heelstick in

comparison to blood drawn by venipuncture. Capillary blood consists of a mixture

of arterial blood, venous blood, and interstitial fluid, with the proportions varying

depending on collection site and sampling technique [185]. The red blood cell (RBC)

count of capillary blood is equal to or slightly higher than that of venous blood, by

about 6% [187]. For some applications, this difference in blood composition could

complicate analysis, but should not adversely affect iron isotope ratio measurement.

Figure 2.5: Left: Dried blood spot card. Right: Capillary tube sampling. [188, 189]

Blood spot cards are one of the most widely used sampling devices in pedi-

atric medicine, making newborn screening feasible worldwide, and allowing accurate

biochemical, genetic, and elemental testing from very small volumes of blood [190].

The cards were developed by American microbiologist Robert Guthrie in the early

1960s for phenylketonuria4 (PKU) screening [191]. Dried blood spot (DBS) sam-

pling is now used globally to screen newborns for more than 50 metabolic, endocrine,

4An inherited disorder causing decreased metabolism of the amino acid phenylalanine. Early
diagnosis allows a normal lifespan and development, while untreated PKU can cause intellectual
disability and seizures.
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and genetic disorders [192]. DBS methods have been adapted to a wide range of

other research and screening purposes as well, including pharmacokinetic studies, in-

fectious disease testing for HIV, hepatitis, and malaria, and trace-element studies

[193, 194, 195, 196, 197]. DBS sampling involves collecting a few drops of blood from

a heel puncture onto a specially prepared filter paper card. Once dried, the blood

forms uniform circular spots that can be stored, transported, and analyzed later.

Each spot on a DBS card holds 50 − 75 µL of blood. With 4-5 printed circles per

card, the total blood volume a single card can accommodate is roughly 300 µL.

2.2 Sample preparation

Figure 2.6: Chain of blood sample processing.

Pictured in Figure 2.6 is a schematic of the sample processing chain, which

begins with whole blood and ends with a beam of atomic iron vapor. Blood samples

are prepared for spectroscopic analysis by a process called dry ashing, which reduces

the sample to mineral oxide powder. This powder sample is vaporized by an infrared

(IR) laser in vacuum. An aperture is used to select only the components of the flux of

vaporized iron with velocity components which are nearly perpendicular to the laser

probe beam. The small rightmost image is a photo of the 372 nm fluorescence from

the collimated iron beam crossed at right angles by the excitation laser.
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2.2.1 Wet/dry methods: capillary tubes and blood spot cards

Capillary tube samples and dried blood spot (DBS) cards have significantly

different handling, storage, and transport requirements. Capillary tubes preserve

liquid blood for immediate laboratory analysis but require more controlled handling

and cold storage, while DBS cards render liquid blood into a stable, dry, low-risk

material suitable for shipping and long-term storage. Liquid capillary blood samples

generally require continuous refrigeration at 2− 8 ◦C and have a storage stability of

weeks for trace element analysis [198, 199]. By contrast, DBS cards are stable for

months in climate-controlled storage, and if refrigerated or frozen, can be stored for

years [200]. Additionally, the biosafety requirements are different: after drying for

3-4 hours, DBS cards can be placed in a gas-permeable envelope with desiccant and

conveniently shipped at ambient temperature to a laboratory for analysis, whereas

liquid blood samples are subject to restrictions on potentially infectious materials,

requiring secondary containment and biohazard labeling [185, 201, 202, 203].

Figure 2.7: Left: Dried blood spot cards. Right: Capillary sampling tubes [204, 205].

Isotope ratio analysis is a technically challenging application for DBS methods,

but there are circumstances for which their reduced storage and handling require-
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ments would be invaluable, particularly for studies conducted in low- and middle-

income countries (LMICs). For researchers contending with limited refrigeration or

electricity, remote field sites without nearby analytical labs, or difficulties transport-

ing biohazardous materials across borders, DBS cards may be the best option. The

distribution of blood within a dried blood spot is not perfectly uniform, and this

non-uniformity is one of the key analytical challenges of DBS card sampling [206].

Although the spots produced on a card are visually uniform, the concentration of

analytes varies across the spot, with radial and vertical concentration gradients, pri-

marily caused by wicking effects. Even with ideal spotting technique, cellular and

plasma components separate microscopically as the drop wicks outward in the porous

cellulose, resulting in analyte concentration gradients. Quantitative studies show a 5-

20% concentration difference between the center and edge of a spot for many analytes

such as amino acids, and greater than 30% variation of analyte is possible if hemat-

ocrit5 and punch location are not controlled [207]. Consistent technique, controlled

drying, and standardized punching are essential to constrain experimental error.

Capillary blood samples are straightforward by comparison: methods we have

developed can rapidly render a liquid whole blood sample into an analysis-ready min-

eral oxide powder with minimal equipment and preparation time required. Adapta-

tion of these methods to DBS cards was found to require adjustments to the procedure

to avoid significant volatilization losses during the sample ashing step. The isotopic

ratio analysis method discussed here is largely focused on the use of whole blood

microsamples, intended to be used with capillary blood sampling. This is a sensible

initial phase, as all analytical methods downstream of the ashing step are identical

for capillary and DBS card samples.

5The fraction of total blood volume occupied by red blood cells.
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2.2.2 Dry ashing

Dry ashing is one of the oldest and simplest approaches for extracting the

inorganic fraction of organic materials and is a standard method for isotope ratio

analysis of biological samples such as blood, urine, or tissue. Dry ashing involves

heating an organic sample at elevated temperature, typically 450 − 600 ◦C, until

all organic matter is destroyed, leaving a powdered ash containing the elements of

interest. The earliest account of dry ashing small biological samples for isotope tracer

analysis is from George de Hevesy [208]. In a 1923 paper, de Hevesy investigated the

uptake of lead by fava bean plants, using the lead radioisotope discussed in Section

1.2.1 as an isotopic tracer. The paper describes taking small plant samples, ashing

them, and then measuring the 210Pb tracer signal directly from the ash, which avoids

the attenuation of β-decay signal that would occur in solution. de Hevesy’s methods

were extended by John Lawrence and his collaborators at UC Berkeley for their

59Fe tracer studies. In a 1940 paper, Berkeley researchers discuss standardizing a

dry ashing method for iron radioisotope tracers in tissue samples from rats [209].

Having established that dry ashing is needed to avoid the “enormous” absorption of

β-particles in solution, they reported that sample loss during the ashing process can

be “minimized by carrying out the early heating at a low temperature (350−400 ◦C)

and increasing it not to exceed 700 ◦C. An experimental test of this procedure with

labeled iron showed that, if the early heating is carried out at low temperature, the

iron can then be strongly heated without any loss.” This early finding is consistent

with results from the research in this dissertation.

Dry ashing is ideal for our optical methods of isotope ratio measurement, be-

cause high-sensitivity laser-induced fluorescence (LIF) spectroscopy requires a high

vacuum (HV) environment, and therefore a dry powder sample. As discussed in

Section 2.1.3, optical spectroscopy lacks mass spectroscopy’s significant laboratory

overhead for removing isobars from samples before analysis. One of the key analyt-

ical benefits of LIF spectroscopy is how much more time- and cost-efficient sample
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preparation becomes: there is no need to purify samples or perform separation before

analysis, since the measurement is keyed to a specific atomic transition of iron, and is

inherently blind to all contaminants. This allows the LIF approach to focus on mak-

ing sample processing as rapid as possible. Because the chemical purification steps

for mass spectroscopy can be largely sidestepped, the primary constraint on sample

preparation is avoiding sample loss due to evaporation.

When whole blood is dry ashed in a muffle furnace, organic molecules such as

proteins, lipids, and carbohydrates are oxidized to gaseous carbon dioxide, water,

and nitrogen. What remains is a small quantity of inorganic mineral residue, a

complex mixture of metal oxides, phosphates, and sulfates derived from the mineral

constituents of blood [210]. The mass yield of ashed whole blood is about 1.1% of

the original blood mass after heating at 450 ◦C for 8 hours in air [211]. Whole blood

is approximately 80% water, which suggests the mass of mineral ash is roughly 6% of

the mass of the dry weight of blood solids. Whole blood ash contains about 700 µg of

iron oxide in the form of hematite, Fe2O3, per mL of blood sample, assuming minimal

losses. For the work discussed here, we used human whole blood samples purchased

from Innovative Research [212]. The single-donor samples were drawn from healthy

adults and screened for bloodborne pathogens at the supplier’s partner collection

facilities, then shipped to us. The anticoagulant used for the samples was K2 EDTA.

Pediatric blood samples were available as well, but we determined that consuming

specialized samples during the building and calibration phase of the instrument would

be wasteful. Our ashing furnace was a 3-liter Carbolite Gero AAF 11/3 [213].

Whole blood microsamples, with volumes between 50 µL and 250 µL, were

pipetted into conical sample holders using fixed-volume micropipettes fromMcMaster-

Carr [214]. The sample holders were fabricated from machinable Macor glass-ceramic

rods; Macor was chosen because of its stability at temperatures up to 1000 ◦C, and

because its machinability with standard tools simplifies the prototyping process sig-

nificantly compared to ordering custom parts [215]. Both sample and holder were
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Figure 2.8: Left: 3× 150 µL whole blood samples. Right: samples after ashing.

initially placed into the Carbolite muffle furnace cold. The principal concern dur-

ing the ashing process is minimizing sample loss. Prior studies have demonstrated

that losses of iron during the dry ashing of biological samples can be negligible, with

enough care over temperature control [216]. Because of the high water content of

whole blood samples, there is common concern in the literature over the bumping

or boiling of the sample, with losses due to spatter [211]. Dry ashed blood samples

are typically pre-treated on a laboratory hot plate or similar at 100− 105 ◦C to dry

and thicken the sample before furnace heating; some protocols char the sample over

a 300− 350 ◦C Bunsen burner flame until the sample ceases to smoke [217, 218]. We

found that, when handling microliter instead of milliliter samples, the pre-heating

step can be skipped without measurable sample loss. The smaller samples have sig-

nificant surface area relative to their volume, over which a hard dark surface rapidly

forms, preventing spatter.

Typical dry ashing protocols call for a muffle furnace temperature ramp of

50 − 100 ◦C/h from room temperature to 450 ◦C, then held at this temperature for

8 − 12 hours [219, 220]. After experimentation with temperature parameters, we

found that the ashing time can be dramatically reduced for LIF spectroscopy. As
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Figure 2.9: 150 µL samples with hardened surface after heating at 80 ◦C for 15
minutes on a hot plate.

discussed above, the standard ashing time for a whole blood sample is roughly 12 to

21 hours, not including several hours of pretreatment; we found that microliter-scale

whole blood samples can be reduced to analysis-ready dry powder in 2 hours. Placing

samples in the cold muffle furnace with a temperature ramp of 10 ◦C/min from room

temperature to 550 ◦C, followed by a 1 hour hold at this temperature, then removal

from the oven to cool at laboratory temperature produced repeatable results without

significant sample loss.

2.2.3 Sample compaction

The earliest phase of our project used 25 mg samples of iron oxide powder6

from Sigma-Aldrich to test the process of producing a flux of neutral atomic iron

from ablation via a 1064 nm CW YAG laser subject to mechanical chopping at 40−

200 Hz [221]. Initial tests indicated that loose powder produces a highly variable

6Grain size < 5 µm.
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flux, an effect described in light-induced breakdown spectroscopy (LIBS) and laser

ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS) literature [222,

223, 224]. There are several mechanisms underlying the unstable flux from ablation of

loose powder. The powder has a large void fraction with significant spatial variation;

ray tracing simulations demonstrate how laser photons incident on a powder bed are

much more strongly absorbed than they are on a flat surface, because the photons

undergo multiple scattering events between the grains [225, 226, 227]. Because of

the spatial variance of the surface, neighboring spots can be in very different thermal

regimes, causing instability in the flux of ablated material.

Poor thermal contact between powder grains is another cause of ablated flux

instability; heat flows between the iron oxide grains almost entirely through tiny

Hertzian7 contacts, especially in vacuum [228, 229, 230]. In a loose powder the total

contact area is small, which leads to low effective thermal conductivity keff . Small

random differences in packing give rise to large differences in peak temperature. Ad-

ditionally, water vapor and air trapped in the voids between powder grains can be

suddenly released as the powder is heated, producing intermittent spikes in flux8[231].

Because there is little mechanical integrity in loose powder, grains can also be ejected

whole without being vaporized; simulation of laser powder-bed fusion shows that key-

hole effects in melting powder can lead to spatter and the ejection of nearby grains

[232, 233, 234].

One recognized solution to the instability of ablated flux from powder is to

compress the sample. To understand the mechanisms for this, consider treating the

chopped IR beam as a periodic surface heat flux. For a sinusoidal flux of amplitude

q0 at angular frequency ω = 2πf , the amplitude of the temperature change is given

by:

7Developed by Heinrich Hertz, the theory of Hertzian contacts describes the physics of interaction
between two curved surfaces.

8Sometimes called “popcorning.”
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∆Tsurf,AC =
q0

e
√
πω

(2.15)

where e =
√

kρcp is the thermal effusivity, and k is the thermal conductivity of the

powder material [235, 236]. For a unipolar (i.e., 0 ↔ 1 ) square wave with 50%

duty cycle, as for an optical chopper, the Fourier fundamental has amplitude 2/π

relative to its DC-to-peak level [237]. Thus, the surface temperature oscillation at

the chop frequency is the result above with q0 → (2/π)qpeak . In a granular target the

controlling property for periodic heating is the effusivity e. Compacting the powder

increases the contact area between grains, increasing the thermal conductivity k, and

hence the thermal effusivity. Similarly, compacting the powder increases the density

ρ, and by extension, e. Because ∆TS ∝ 1/e, pressed powder experiences smaller

temperature swings, damping variability in ablated flux. In addition, the mechanical

strength of pressed powder is far greater than for loose powder, so thermal stresses

from heating are much less likely to result in spallation or whole-grain ejection.

Figure 2.10: Manual tamping process for iron oxide powder samples.

Preparation of the iron powder test samples involved placing them into a

1′′ × 1/2′′ (H × D) alumina crucible from McMaster-Carr and compressing them

72



to produce a uniform surface for exposure to the infrared ablation laser [238]. The

powder was hand-pressed in the crucible using a flat-bottomed aluminum tamping

rod with a diameter slightly less than the interior diameter of the crucible. Slow

tamping of the powder was repeated until a visually uniform surface was produced,

without cracking or cratering, and the powder volume could no longer be reduced.

The smooth, densified surface produced is more reflective than the rough powder

surface, and we found that the initial flux level could be lower than desired; this low

flux was improved by a reduced-power9 raster of the ablation laser over the surface.

The physical process underlying this conditioning step is possibly the micro-texturing

and effective “blackening” of the compressed powder surface, increasing its optical

absorptivity; literature on laser surface texturing indicates that low- and moderate-

power laser rastering creates tiny dimples, grooves, and ripples in surfaces, changing

their optical and thermal coupling properties [239]. This “roughening” may also

be due to the thermally driven change of the iron powder from hematite (Fe2O3) to

magnetite (Fe3O4), coarsening the powder grains and changing their IR reflectivity; an

effect that is noted in literature and observed in our experiments [240, 241, 242, 243].

2.2.4 Microsamples

In medicine, one “metric” drop of liquid is usually considered to be 50 µL

[244]. This is a standardization of the early 19th century minim, the smallest unit in

the apothecary measuring system [245]. Our sample processing renders a single-drop

50 µL sample of liquid blood or blood absorbed into filter paper to around 36 µg of

dry iron oxide powder. Initial tests used a standard capillary sample size of 0.5 mL as

a target; at current sample efficiency, we are able to produce reliable isotope spectra

from “3-drop,” or 150 µL, samples of whole blood. With more optimization, it should

be feasible to perform reliable isotope ratio analysis with single-drop blood samples.

Fig.2.11 illustrates our current method for processing blood microsamples. The

9Typically, ≤ 800 mW.
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Figure 2.11: Microsample ashing procedure: whole blood is ashed, treated with oxalic
acid, and gently heated to settle under gravity.

conical sample holder has large enough volume to hold the liquid whole blood sample,

while allowing the ash to be collected and compacted at the tip of the cone. The prior

method of preparing oxide powder samples with a flat-bottomed tamping rod is no

longer practical for microgram samples; non-mechanical procedures for collecting and

compacting the powder must be used. Iron oxide is somewhat soluble in oxalic acid,

which we use to form a concentrated suspension of ash at the bottom of the cone.

This suspension is gently heated, and the iron oxide sediments under gravity to a

denser and more uniformly packed powder, with a smooth top surface. The sample

holder used for these experiments was designed to fit on the end of a modified Accu-

Glass UHV rotary vacuum feedthrough, and uses a stepper motor to automatically

switch between samples in our vacuum chamber with the press of a button [246]. The

collimating aperture is fixed in the chamber so that it stays in place while new samples

rotate into place below it. At the time of writing10, our prototype sample holders

can accommodate three samples at once (see Figs. 2.8 and 2.12), which reflects a

size constraint due to their being inserted and removed from the chamber through a

2.75′′ CF flange. In later iterations, a vacuum load-lock system will accommodate a

holder designed for many tens of samples at once.

Defining the solid volume fraction ϕ = Vsolid /Vtotal
11, the densest random

packing for a powder composed of rigid monodisperse spheres is known as random

close packing (RCP), with ϕ ≈ 0.64 [247]. Gravity-sedimented fine powders settle to

10Winter 2025.
11Porosity ε = 1− ϕ.

74



Figure 2.12: Rotary sample holder and collimator.

a grain arrangement close to RCP, with ϕ ≈ 0.60−0.64, and hence to similar density.

The reason for this is that the capillary stress during drying is far greater than the

force of gravity, and comparable to the force of centrifugation. When a wet porous

bed of particles dries, liquid retreats into its pore network. The air-liquid menisci that

form across the pore throats are curved. By the Young-Laplace equation, a curved

meniscus has a pressure difference:

∆P = Pliquid − Pair =
2γ cos θ

r
(2.16)

where γ is the liquid-air surface tension, θ is the contact angle of the liquid on the

particle surface, and r is the effective radius of curvature of the meniscus [248]; r is

usually considered to be approximately the pore throat radius. Since r is small for fine

powder, ∆P is large. For example, for water, γ ≈ 0.072 N/m, and cos θ ≈ 1 on clean

hydrophilic surfaces. Thus, as liquid leaves the pores, curved menisci pull grains

together via Laplace pressure, which is significantly greater than gravity: for pore
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radius 1 µm, ∆P ≈ 0.14× 105 Pa, and for pore radius 0.1 µm, ∆P ≈ 1.4× 106 Pa.

These values are comparable to the effect of a laboratory centrifuge.

Oxalic acid has been used since the 19th century to remove rust stains from

artworks, such as paintings, ceramics, and sculptures [249]. The reason why iron

oxide dissolves in oxalic acid, even though it is classified as a weak acid, is that the

formation of Fe(III)-oxalate complexes is strongly favored. The stepwise equilibrium

is given by:

Fe3+ + C2O
2−
4 ⇌ [Fe (C2O4)]

+

[Fe (C2O4)]
+ + C2O

2−
4 ⇌ [Fe (C2O4)2]

−

[Fe (C2O4)2]
− + C2O

2−
4 ⇌ [Fe (C2O4)3]

3−

The stability constants are defined as:

β11 =
[Fe (C2O4)]

+

[Fe]3+]
[
C2O

2−
4

]
β12 =

[Fe (C2O4)2]
−

[Fe]3+]
[
C2O

2−
4

]2
β13 =

[Fe (C2O4)3]
3−[

Fe3+
] [
C2O

2−
4

]3
At room temperature and molarity of 0.1M, log β11 ≈ 13.2, log β12 ≈ 23.7, and

log β13 ≈ 30.8. These are relatively large values, meaning that Fe3+ is very inclined

to complex with oxalate. There is also a slower reaction, where the oxalate reduces

Fe3+ to Fe2+, and precipitates crystalline ferrous oxalate dihydrate (FeC2O4 · 2H2O).

This is not desirable from our perspective because the iron comes out of solution,

and because the IR ablation of the dihydrate does not produce significant neutral

iron vapor. However, recent experiments have demonstrated that on the timescale of

tens of minutes, as needed for sample preparation, the quantity of dihydrate formed

is negligible. The small quantity of residue left after sample preparation does not
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appear to have negative downstream effects on isotope analysis, in terms of either

ablated flux or Fe fluorescence.

2.3 Laser-induced fluorescence spectroscopy

Producing a flux of neutral atomic iron by IR laser ablation was the first

experimental challenge of our project. When hematite (αFe2O3) is illuminated by an

infrared (IR) laser in vacuum, the primary effect is photothermal heating: the iron

oxide lattice absorbs energy, and the laser spot heats rapidly[250]. Under low oxygen

partial pressure, iron oxide reduces to elemental iron in a stepwise series of thermally

driven reactions. In vacuum, oxygen is removed as it forms, driving the reduction

reaction forward. The sequence is: αFe2O3(hematite) → Fe3O4(magnetite) → FeO

(wüstite) → Fe (iron), with O2 desorbing at each step [251]. This cascade is the

standard reduction pathway for iron oxides [251, 252, 253].

6Fe2O3(s) → 4Fe3O4(s) + O2(g)

2Fe3O4(s) → 6FeO(s) + O2(g)

2FeO4(s) → 2Fe(s) + O2(g)

(2.17)

Additionally, on cooling, wüstite (FeO) can decompose directly to elemental iron via:

4FeO → Fe3O4 + Fe (2.18)

so even without a strong external reductant, Fe atoms can appear once FeO forms.

Trace quantities of carbon are known to promote oxygen-vacancy formation

and Fe (III) reduction on hematite surfaces in vacuum [257]. Thus, we have also

experimented with “incomplete” ashing, in which blood samples are removed from

the muffle furnace before carbonized blood components have been fully vaporized.

The result is a significantly enhanced sensitivity to the IR ablation; lower laser power

produces higher detected fluorescence peaks, in comparison to fully ashed samples.

The tradeoff is that although the flux of neutral iron produced at a given ablation
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Figure 2.13: Left: Hematite (αFe2O3). Middle: Magnetite (Fe3O4). Right: Wüstite
(FeO) [254, 255, 256]

laser power is improved, the iron flux stability is worsened. Further work is needed

to explore applications for this effect.

2.3.1 372 nm transition

The strong Fe I resonance line near 372 nm connects the ground state 3d6 4s2 a 5D4

to the odd-parity excited state 3d6 4s 4p z 5F ◦5 . NIST data lists the upper level12 at

26874.548 cm−1, giving a vacuum wavelength λvac ≈ 372.099 nm [258]. The ex-

cited state lifetime is about 61.7 ns [259]. Using the lifetime-linewidth relation for a

Lorentzian line,

∆νFWHM =
1

2πτ
, (2.19)

with τ = 61.7 ns,

∆v =
1

2π × 61.7× 10−9
≈ 2.58× 106 Hz (2.20)

This transition is not closed, as the excited state has a small branching leak

to metastable even-parity levels, meaning that the iron atoms can cycle over this

12The ground state is of course at 0 cm−1.
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transition an average of 244 times before falling into a dark state [260]. This leak can

be reduced to 1 : 1398 with a 501 nm repump laser, but this step has been unnecessary

for our analytical purposes so far [261, 262]. The saturation intensity of the transition

is Isat = 6.57 mW cm−2. This line is one of the strongest Fe (I) resonances in the

ultraviolet and has found significant technological application as the working line for

Fe resonance lidar [263].

Figure 2.14: Level scheme of the 372 nm transition of atomic iron, including the three
small branching leaks. Image credit: [262].

Fe resonance lidar is a remote-sensing technique that points a narrowband,

frequency-tunable laser into the night sky to resonantly excite the naturally occur-

ring layer of neutral iron atoms in the upper mesosphere/lower thermosphere13. The

backscattered resonance fluorescence is collected by telescope, and provides measures

of wind speed and temperature with kilometer-scale vertical resolution at integration

times on the order of minutes [264]. Fe resonance lidar has been deployed to polar

research stations and used to study gravity waves; there is current interest in devel-

oping spaceborne Fe lidar systems for global monitoring of wind and temperature

13At an altitude of 80− 110 km. The iron is primarily produced by the ablation of meteors.
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[265, 266]. Measured frequency shifts in the captured fluorescence can be used to

infer wind speed. At 372 nm, a velocity of 1 meter per second corresponds to a 2.69

MHz frequency shift. Fe Boltzmann temperature lidar infers temperature from the

thermal Doppler width, which is of order 109 Hz (FWHM) for the approximately 200

K temperature of the mesosphere [267, 268]. We employ an analogous technique to

estimate the temperature of iron atoms scattered from a surface in Section 4.3.

2.3.2 Isotope shifts

Isotopes of the same element exhibit small shifts in the frequencies of atomic

transitions. These shifts arise from differences in nuclear mass and nuclear charge

distribution between isotopes. For two isotopes A and A′, the isotope shift can be

attributed to two effects:

δvA,A′
= vA

′ − vA = δvA,A′

MS + δvA,A′

FS (2.21)

Here, δvMS is the mass shift, which is due to nuclear recoil and correlated electron

motion, and δvFS is the field shift, due to the finite nuclear volume and charge distri-

bution [269]. The mass shift is further subdivided into the so-called normal mass shift

(NMS) and specific mass shift (SMS). Because the nucleus has finite mass, the atom’s

center of mass moves, and the reduced mass modifies the electron kinetic energy. For

a one-electron atom, the reduced mass correction gives:

En = −µe4Z2

2ℏ2n2
, where µ =

meM

me +M
(2.22)

Expanding in me/M ≪ 1, the normal mass shift is given by:

δvA,A′

NMS = v0me

(
1

MA′
− 1

MA

)
(2.23)

which is proportional to the transition frequency itself. This term is usually small

but can be significant for light atoms. In multi-electron atoms, the electrons’ motions

are correlated through the nuclear recoil operator:
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Hrecoil =
1

2M

∑
i,j

pi · pj (2.24)

The cross terms (i ̸= j) lead to an additional specific mass shift:

δvA,A′

SMS =
KSMS

MA′
− KSMS

MA

(2.25)

where KSMS depends on the electronic configuration, particularly electron correlation.

Unlike the NMS, the SMS cannot be inferred from the frequency alone and must be

measured or computationally estimated. The total mass shift is:

δvA,A′

MS = (KNMS +KSMS)

(
1

MA′
− 1

MA

)
with KNMS = ν0me. The field shift arises because different isotopes have slightly

different nuclear charge radii, ⟨r2⟩. To first order in perturbation theory:

δvA,A′

FS = Fδ
〈
r2
〉A,A′

(2.26)

where F is the field shift constant, which depends on electron density at the nucleus,

and δ ⟨r2⟩A,A′
= ⟨r2⟩A′ − ⟨r2⟩A [270]. Heavier isotopes generally have redshifted

transitions, though the direction of shift can depend on the specific orbital mixing.

King plots are made by plotting the isotope shifts of one transition against another:

δvA,A′

i = a+ bδvA,A′

j (2.27)

The plot’s slope gives the ratio of field shift constants Fi/Fj, and its intercept gives

the mass shift. The total frequency shift between isotopes A and A′ can be expressed

as:

δvA,A′
= (KNMS +KSMS)

(
1

MA′
− 1

MA

)
︸ ︷︷ ︸

mass shift

+Fδ
〈
r2
〉A,A′︸ ︷︷ ︸

field shift

(2.28)
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Figure 2.15: King plot for the 372 nm transition of iron. The origin value and
slope of the linear regression line yield the specific mass shift KSMS and field shift F
coefficients, respectively [259].

For isotopes with nonzero nuclear spin, I ̸= 0, additional hyperfine interactions

appear in the Hamiltonian. These interactions split each fine-structure level into

hyperfine sublevels labeled by F = I + J, I + (J − 1), . . . , |I − J |. The hyperfine

energy splittings are given by:

Ehfs =
1

2
AK +B

3K(K + 1)− 4I(I + 1)J(J + 1)

8I(2I − 1)J(2J − 1)
(2.29)

where K = F (F + 1)− I(I + 1)− J(J + 1). The constant A is given by:

A =
µ0

4π

2

IJ
gIµNgJµB

〈
r−3
〉
n,l,j

(2.30)

and B is proportional to the nuclear electric quadrupole moment Q. These terms

depend explicitly on the nuclear spin and electromagnetic moments, not on M or
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⟨r2⟩. If two isotopes have different nuclear spins or moments, which they typically do,

their hyperfine splittings differ and this produces additional isotope-dependent shifts

of the hyperfine centroid. This is known as the Bohr-Weisskopf effect, or hyperfine

anomaly.

Figure 2.16: Relative abundances of the naturally-occurring stable isotopes of iron.

Iron has four naturally occurring stable isotopes: 54Fe (5.82%, I = 0), 56Fe (91.18%, I =

0), 57Fe (2.1%, I = 1/2), 58Fe (0.28%, I = 0). Only 57Fe has hyperfine structure. The

isotope shifts, relative to 56Fe, are [259]:

δv58,56 = 689.9 MHz

δv57,56 = 365.1 MHz

δv54,56 = −726.5 MHz

(2.31)

A King plot (see Fig. 2.15) gives the specific mass shift coefficient: KSMS = 950 GHz · amu,

and field shift coefficient F = −0.60 GHz/fm2. For the 372 nm transition of iron, the

specific mass shift is the largest contributor to the overall isotope shift. Only 57Fe

has non-zero nuclear spin, I = 1
2
, so its line is split into three hyperfine components,

with relative intensities of 100 : 81.5 : 1.9 [259]:
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(1) F =
9

2
→ F ′ =

11

2
: +493.17MHz

(2) F =
7

2
→ F ′ =

9

2
: +215.23MHz

(3) F =
9

2
→ F ′ =

9

2
: +43.87MHz

(2.32)

Figure 2.17: Hyperfine structure components (1), (2), and (3) of the 3d64s2a5D4 −
3d64s4pz5F o

5 Fe I transition at 372 nm for the isotope 57Fe. Image credit: [259].

2.3.3 Collimation and Doppler broadening

Doppler broadening, the apparent widening of spectral lines due to atomic

motion, is often the main factor limiting the resolution of laser spectroscopy. In

laser isotope spectroscopy, the Doppler-broadened linewidth is typically substantially

greater than the isotope shifts, obscuring individual isotope peaks. From:

∆vFWHM =
v0
c

√
8kBT ln 2

m
(2.33)
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for atomic iron at 1400 K, the thermally broadened 372 nm line is 2.89 GHz . As

a point of comparison, the entire distribution of isotope peaks from 54Fe to 58Fe is

less than 2 GHz; hence, the individual peaks become lost in the thermally broadened

spectrum.

Figure 2.18: The velocity-selection effect of collimation on a point source.

This broadening is due to the distribution of atom velocity components trans-

verse to the laser direction, producing shifts in the resonant frequency of the atoms

in the laboratory frame. One of the simplest and most effective means for reducing

Doppler broadening is collimation, which physically rejects trajectories with signif-

icant transverse velocity components. A thin circular aperture of radius a placed

a distance d downstream of an effusive source accepts a cone of trajectories with

half-angle

θmax = arctan(
a

d
) ≈ a

d
(a ≪ d). (2.34)

In angle space (θx, θy) this acceptance is a disk of radius θmax with uniform density.

For a uniform disk, the variance of either component is
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〈
θ2x
〉
=
〈
θ2y
〉
=

θ2max

4
. (2.35)

For an effusive beam, ⟨v2⟩ = 4kT
m

. Using the small angle approximation that speed v

and angle θx are independent, the transverse component along the laser direction is:

〈
v2x
〉
=
〈
v2
〉 〈

θ2x
〉
=

4kT

m
· θ

2
max

4
=

kT

m
θ2max (2.36)

A probe laser crossing the atom beam at 90◦ is sensitive to vx. Approximating the

central line shape as Gaussian, the Doppler FWHM is

∆vD,⊥ = 2
√
2 ln 2

1

λ

√
kT

m
θmax (2.37)

and with θmax ≈ a/d,

∆νD,⊥ ≈ 2
√
2 ln 2

1

λ

√
kT

m

a

d
. (2.38)

Collimation introduces a flux vs. SNR trade-off: For θmax ≪ 1, the accepted solid

angle is Ω ≈ πθ2max. The transmitted fraction of flux f , compared to the total emission

into a 2π radian hemisphere, is given by:

f ≈ Ω

2π
≃ θ2max

2
∝
(a
d

)2
. (2.39)

This illustrates that halving the Doppler broadening via changes in a or d reduces

flux by approximately a factor of 4.

The collimating aperture for our LIF setup was created by mounting a thin

copper plate with a 1 mm diameter through-hole or slit to the top of the crucible.

The formula for the Doppler FWHM for a slit of width s is analogous to that for a

circular aperture:

∆νD,slit ≈
2
√
2 ln 2√
3

1

λ

√
kT

m

s

d
(2.40)
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For the geometry used in these experiments, the Doppler width of the collimated iron

atom beam was ∆νD,⊥ ≈ 57MHz (FWHM), small enough to resolve all of the isotope

peaks.

2.3.4 Optical setup

Figure 2.19: Optical setup for iron isotope spectroscopy.

Fig. 2.19 shows a schematic of optical setup of our iron isotope spectroscopy

system.

The sample-containing crucible was placed in vacuum, and then ablated us-

ing an IPG CW fiber-coupled 1064 nm YAG at 1-2 W. The IR ablation laser was

focused on the powder surface through an aperture in the top plate, and mechan-

ically chopped, improving the stability of the fluorescence signal from the ablated

iron. This collimated-angled beam was crossed perpendicularly by a CW probe laser,

tuned to the 372 nm transition of iron (a5D4 → 5zF◦5) . The excitation laser was
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Figure 2.20: Optical diagram for iron isotope spectroscopy.

locked to a wavemeter, with computer control of the laser tuning parameters via a

custom LabVIEW program. The resulting 372 nm fluorescence was collected and

focused onto a photomultiplier tube (PMT), and the PMT signal was then fed into a

lock-in amplifier using the chopper wheel as a reference.

Fig. 2.20 shows a schematic representation of the relay system for the spec-

troscopy setup. The 372 nm light from a Toptica external cavity diode laser (ECDL)

is first expanded with a telescope. Afterwards, a small portion of light is picked off

and fed to a HighFinesse wavemeter to lock the laser to the 372 nm transition. A

Fabry-Perot interferometer can be toggled with a flip mirror, allowing imaging of the

laser’s mode shape. The laser induced fluorescence shows some sensitivity if the mode

is not clean. The excitation laser passes through the vacuum chamber, crossing the

iron atomic beam perpendicularly. At a right angle to the excitation laser’s direction

of travel, a collection lens gathers light from the iron atomic fluorescence, which is
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relayed along mirrors and focused onto the photomultiplier tube for analysis. A flip

mirror in this section, which toggles a video camera and lens, facilitates the alignment

of the optics. The camera is aligned so that it “sees” what is focused on the PMT;

flipping to it greatly assists the correction of misalignment in the optical setup.

2.4 Results

Pictured in Fig. 2.21 is a recent spectrum from a 150 µg sample of whole

blood, processed with our ashing techniques. All isotope signatures are resolved,

including the hyperfine splitting of 57Fe. Reading relative isotope abundances from

peak height ratios, the results are in line with expected natural isotopic abundances.

This spectrum was taken in a single rapid pass as a proof-of-principle, and future

iterations will pass repeatedly over the isotope resonances to improve the accuracy of

the measurement.

Figure 2.21: Iron isotope spectrum from 150 µg blood microsample.
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Chapter 3: Stable Isotope Separation for Medicine

3.1 Calutrons: the old method

Figure 3.1: Calutron operators at the Y-12 plant, 1944. Sign: “Do not visit with
cubicle operators” [271].

.

The main barrier to realizing the many applications of isotopes is the difficulty

of separating them from each other. The two most widely employed devices for

isotope separation are the gas centrifuge and the calutron. However, gas centrifuges

can only be employed for the few elements in the periodic table that have gas-phase

compounds at room temperature [272]. Calutrons, by contrast, are one of the most

broadly applicable devices for separating isotopes.
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3.1.1 The U.S. calutron program

Calutron separation is one of a group of methods known as electromagnetic

isotope separation (EMIS). While EMIS methods are well-established, they are en-

ergy intensive, due to the large magnetic field they generally require over the entire

ionization volume. In the United States, large-scale electromagnetic separation infras-

tructure was first built for uranium enrichment in the Manhattan Project. The Y-12

plant at Oak Ridge, Tennessee, used calutrons in racetrack arrangements to separate

fissile 235U from 238U [273]. After the Manhattan Project ended in 1946, the newly

formed US Atomic Energy Commission (AEC) retained Y-12 and Oak Ridge National

Laboratory (ORNL) to carry out isotope separation and distribution. The AEC an-

nounced the “Isotope Distribution Program” that year, making both radioisotopes

and stable isotopes available to qualified researchers. The operating group at Oak

Ridge handling the non-radioactive separations was known internally as the Isotopes

Section, with facilities in the Y-12 plant [274].

Figure 3.2: Calutron alpha “racetrack.” Y-12 facility, 1944. [275].
.
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By the early 1950s, isotope work had “become a permanent part of ORNL’s

scientific mission [276].” To reflect this, the Isotopes Section was formally retitled the

Isotope Research and Production Division (IRPD), with dual isotope production and

R&D roles. In addition to the task of isotope separation, ORNL developed isotope

handling infrastructure, including hot cells, vacuum furnaces, purification labs, and

chemical conversion labs to convert separated material into useful chemical forms,

such as oxides and salts [276]. The stable isotope program at ORNL continued to

expand; by the mid-1950s, the US was capable of producing enriched isotopes of all

naturally occurring stable elements1 via calutron [277]. The program was not high

throughput, but production levels were sufficient for research and other specialized

uses, from milligram up to kilogram scale for some isotopes [277]. The program

offered over 230 distinct enriched stable nuclides between 1945 and 1998 [278]. Due

to the substantial electrical power consumption of calutrons, heavier elements and

highly enriched samples were expensive; prices for stable isotopes ranged from $1000

to $4, 000, 000 per gram [279]. In the 1960s, the Stable Isotope Program expanded,

and separation campaigns2 for multiple isotopes became routine; for example, in

1970, ORNL was producing kilogram quantities of ∼ 85% enriched 57Fe for neutron-

polarizer crystals [273, 280].

3.1.2 Isotope supply issues

As US government support for the calutron program waned in the 1990s, stable

isotope production declined. The stable isotope inventory that had been produced

over the decades was stored and managed as a strategic reserve. As new separation

runs became less frequent, those reserves were drawn down. Although the calutron

program was unique in the range of isotopes produced, it was expensive to operate,

energy-intensive, and limited in throughput. Operating costs increased over time due

to aging magnets, recurring issues with vacuum seals, and infrastructure degradation.

1Except for osmium, which was added around 1960.
2Term of art for isotope production runs.
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Figure 3.3: Calutrons used at ORNL for stable isotope separation through 1998 [281].
.

In 1998, ORNL calutron operations ceased altogether. The national repository of

enriched stable isotopes gradually became depleted, and some isotopes became scarce

or unavailable from US sources [277]. Foreign suppliers, most notably Russia, began

supplying certain enriched stable isotopes at lower cost. Near total dependence on

subsidized Russian machines created a fragile supply chain [282].

Following the shuttering of the US calutron program, stable isotopes were

treated as a commodity, rather than a strategic resource. The Department of En-

ergy (DOE) Isotope Program focused on radioisotope production for medical uses,

rather than operating full-spectrum separation infrastructure. Private firms such

as Cambridge Isotope Laboratories and ISOTEC largely supplied the market for

stable isotopes, particularly labeled molecules and light elements, often sourcing

feedstock internationally. DOE documents in the 2000s and 2010s highlighted vul-

nerabilities: some critical stable isotopes such as 98Mo, 100Mo, 76Ge, and 96Ru had
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no domestic suppliers, and US production capabilities were insufficient to replace

them if needed [283, 284]. In response, DOE began limited investments in advanced

isotope separation technologies, such as improved EMIS, small gas-centrifuge iso-

tope separation (GCIS) for stable isotopes, and plasma separation processes (PSP)

[285, 286, 287, 288].

In the past decade, recognizing geopolitical supply risks and increasing de-

mand from medicine and quantum technology, the US has made concerted moves

to regain stable isotope enrichment capability. DOE is building a modern facility,

the Stable Isotope Production and Research Center (SIPRC), at ORNL. The formal

contract for $88.8 million was awarded in November 2024; construction is expected

to be completed in spring 2027 [289]. SIPRC is designed to allow the enrichment of

stable isotopes from across the periodic table, using both EMIS and gas centrifuge

separation. In parallel with SIPRC, ORNL has also created the Stable Isotope Pro-

duction Facility (SIPF), which is intended to produce priority isotopes, such as 129Xe

for medical imaging, with the aim of reestablishing domestic production capacity

[290, 291].

3.2 MAGIS/MRLIS

3.2.1 Failure of AVLIS to replace calutrons

The US government has invested in laser-based isotope separation schemes

since the early 1970s, with the atomic vapor laser isotope separation (AVLIS) pro-

gram being arguably the most prominent [293]. In the 1970s, laser-based separation

emerged as a potentially energy-efficient, high-selectivity method: 235U could be se-

lectively ionized via laser, then separated via electromagnetic fields. This involves

fewer stages than centrifugation or gaseous diffusion methods, uses much less power,

reduces the complexity of material handling, and importantly, would be significantly

cheaper [294, 295]. In addition to uranium enrichment, laser separation techniques

could also be applied to other elements of interest, including plutonium, gadolinium,
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Figure 3.4: Left: schematic of U-AVLIS operation. Right: Dye laser corridor for a
U-AVLIS setup at Lawrence Livermore National Laboratory (LLNL) in the 1990s.
[292].

zirconium, and hafnium [296, 297, 298].

In June 1985, the US DOE formally selected U-AVLIS as its preferred ad-

vanced enrichment technology for the future [299]. The DOE envisioned that, after

successful demonstration, production-scale AVLIS might begin as early as the mid-

1990s. Plans were made for an AVLIS Production Plant at ORNL to integrate into

the US enrichment infrastructure [300]. In 1992, under the Energy Policy Act, the

US government established the United States Enrichment Corporation (USEC) to

take over US uranium enrichment operations and future advanced technology devel-

opment from DOE. In 1994, as part of a large federal technology transfer, the AVLIS

process and associated rights were transferred to USEC for commercialization and

deployment. After the privatization of USEC via IPO in 1998, the company became

fully commercial, with responsibility for further development of AVLIS. However, the

following year, USEC’s board voted to indefinitely suspend further AVLIS develop-

ment, largely due to projected marginal return on investment [301]. Even after the

cancellation, USEC retained ownership of the AVLIS intellectual property. To date,

the US has not operated AVLIS-based isotope production at commercial scale.
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3.2.2 Difficulty of laser separation methods

Besides funding, the limiting technical factor in laser isotope separation tech-

nology has largely been the lasers themselves. Achieving the frequency stability,

high power, and narrow linewidth needed for isotope separation at industrial scale is

very difficult without loss of selectivity, efficiency, reliability, or prohibitive cost [302].

Previous work on laser separation of isotopes relied on multiphoton ionization with

pulsed lasers [303]. In some variations, continuous-wave (CW) lasers were proposed

and used to achieve isotopically selective optical pumping into metastable states, but

the final step of laser-ionization was always accomplished with a pulsed nanosecond

laser[304, 305, 306, 307]. However, there has recently been substantial progress in

solid-state laser technology, providing robust platforms of tunable continuous-wave

lasers at the several watt power levels. These include semiconductor diode lasers and

vertical external cavity surface emitting (VECSEL) lasers [308, 309]. These new laser

technologies offer possibilities for the development of alternative techniques of isotope

separation that circumvent the astronomically high equipment and operating costs

which have frustrated prior attempts to replace the calutron production of stable

isotopes.

3.2.3 MAGIS

Magnetically activated and guided isotope separation (MAGIS), is a novel iso-

tope separation technique developed by our group in earlier work, [310, 311]. It uses

lasers to change how atoms respond to a magnetic field through a process known

as magnetic-state optical pumping. Optical pumping is the process by which light

acts on an atom to change its magnetic state, which determines how it will be af-

fected by magnetic fields. The desired isotope can be optically pumped into either

a “low- or high-field-seeking state” (mj > 0 and mj < 0, respectively). Desired iso-

topes are then separated using arrays of permanent magnets, which act as a guiding

track. Because MAGIS relies on rare-earth permanent magnets, it does not consume
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Figure 3.5: MAGIS magnetic-state optical pumping scheme. Here, atoms are being
pumped into a low-field seeking state, (mj > 0) [310].

much energy compared to the calutron. The principal energy requirements are for

vaporization of the element in a crucible, and operation of the vacuum pumps and

lasers3[312, 313]. The MAGIS technique is currently being used to produce commer-

cial quantities of 176Yb at the high levels of enrichment needed for production of the

radioisotope 177Lu, which is used for cancer therapy [314].

The primary limitation of MAGIS is its dependence on the currently available

strength of rare-earth permanent magnets. First, to reach the field strengths required

for separation, the atoms must be collimated in one dimension to less than 20 mrad

so that they may be aimed at grazing angles of incidence to the magnetic array. This

collimation also reduces atomic flux. Laser cooling can brighten the beam consid-

erably, but at the cost of much higher laser power [315, 316]. Second, scaling up

production requires large magnetic arrays, precluding the application of MAGIS for

3Taken together, these are typically around three orders of magnitude smaller than electrical
consumption by the calutron.
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Figure 3.6: Simulation of MAGIS with trajectories from an effusive source, with
atoms in low-field-seeking states. Velocities used are 500, 1000, and 1500 m s−1 [310].

separation of radioisotopes. The safe handling of radioisotopes, especially γ-emitters,

requires a special enclosure that provides radiation shielding for operators together

with robotic control, known as a hot cell [317]. The separation system would need to

be containable within the interior dimensions of the hot cell.

3.2.4 MRLIS

We4 have recently proposed a new method for isotope separation based on

photoionization of atoms that should resolve the current limitations of AVLIS. The

method, Multi-Resonant Laser Isotope Separation (MRLIS) is described in detail

for a generic case, and then specifically for strontium isotope separation. Applica-

tions to both stable isotopes and radioisotopes, as an alternative to radiochemistry,

are outlined. The overall sequence is not dissimilar to prior laser isotope separation

methods: efficient ionization of the desired isotopes with lasers, followed by their

4This section adapts published work by Aaron Barr, Simon Rochester, Dmitry Budker, and Mark
Raizen.
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separation from the atomic beam with an electric field, and then collection. How-

ever, the approach used in the past for laser ionization relied on a fast sequence of

high-intensity nanosecond pulsed lasers. The excitation of atoms from the ground

state using resonant atomic transitions can be efficient, but the major limit on sam-

ple efficiency has been with the last step of photoionization. We propose to use

continuous-wave lasers to drive atomic transitions, combined with long interaction

time in ultra-large-volume resonant cavities. This new paradigm has many advan-

tages, including the use of reliable solid-state lasers and very high predicted ionization

efficiency. A schematic of the proposed setup is shown in Fig. 3.7. The first step in

the process is excitation of the desired isotopes from their ground electronic state to

an excited electronic state. This is not fundamentally different from what is done

in AVLIS, especially with recent proposals to use CW lasers or time-delayed pulsed

lasers to pump into a metastable atomic state [304, 305]. In some cases, a two-step

excitation from the ground state should be employed, which can be driven efficiently

using stimulated Raman adiabatic passage [318].

The last step is photoionization, which is typically non-resonant and requires

a high-power pulsed laser. We propose to use an optical resonator to boost the laser

power by a factor of at least 200. The experimental challenge with optical resonators

is that the Gaussian waist scales as the product of cavity length and mirror radius of

curvature to the 1/4 power [319]. The resulting beam waist is usually in the range

of 100 microns, which would intersect only a small fraction of the atomic beam and

result in low average ionization probability. One solution is to use a cavity with two

flat mirrors and an intracavity lens, but the beam waist is on the order of several

millimeters [320]. Alternatively, cavity mirrors with very large radius of curvature

can be fabricated using thin-film deposition; a radius of curvature of 10 kilometers

has been demonstrated in previous work [321]. However, by using flat mirrors, the

radius of curvature can be made essentially infinite, for all practical purposes! Such

a configuration is usually called an etalon, but in the past, it has been used with

low-reflectivity coatings or none at all. Such a configuration with high-reflectivity
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Figure 3.7: MRLIS schematic: an effusive atomic beam is produced by an atomic
oven, with an excitation laser (shown here in blue) crossing the collimated atomic
beam at right angles. The power of the CW ionizing laser (shown here in purple) is
enhanced by a large mode-volume Fabry-Perot cavity. Ions of the desired isotope(s)
are separated by an electrical field.

mirrors was first considered in [322], though applications to laser ionization were not

proposed.

The only conditions for etalon cavity resonance is that there be a uniform phase

front to the beam, and that the overall length of the cavity be an integer multiple

of half-wavelengths. This can also be seen by the resonant frequencies of transverse

modes, which are shifted from the fundamental resonances by integer multiples of

cos−1(1 − L
R
) where L is the cavity length and R is the radius of curvature. In the

limit of infinite R, these frequency shifts are zero, so mode-matching is not required.

High-finesse Fabry-Perot etalons effectively filter wavefront imperfections by rejecting

100



spatial frequency components outside a narrow angular acceptance [323]. In practice,

this means that fine-scale aberrations in the input laser beam are suppressed by the

etalon, but, in exchange, the system requires precise control of mirror parallelism

and alignment. The Rayleigh length of a laser beam is the distance over which the

transverse radius increases by a factor of
√
2, and is proportional to the square of

the minimum spot size divided by the wavelength. For example, a laser beam with a

wavelength of 1 µm and a spot size of 6 cm has a Rayleigh length of about 3 km. If

the mirror reflectivity is 99.9%, and the cavity length is 10 cm, then 1000 round-trips

is only 100 m, and the beam does not expand significantly. A 10 W laser would

produce an intracavity power of 10 kW. For comparison, the Laser Interferometer

Gravitational-Wave Observatory (LIGO) routinely has a circulating power of that

magnitude or higher [324]. To minimize absorption losses and heating of the coatings,

near-infrared wavelengths longer than 800 nm are optimum.

Figure 3.8: Numerical simulation of transmission coefficient of a cavity of 5 cm length
and mirror reflectivity of 99.9%. The spot size is changed from 20mm to 1mm.

To test the above hypothesis, we performed numerical simulations and the re-
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sults are shown in Fig. 3.8. The figures show the cavity transmission as the wavelength

is scanned; alternatively, the length of the cavity can be changed, and resonances oc-

cur for a half-wavelength change. We assume that mirror transmission is T = 1−R,

which is justified when scatter and absorption losses are much smaller than transmis-

sion. A cavity transmission of unity is expected for a plane wave, and the intracavity

circulating power is boosted by a factor of 1/T . For mirrors with 99% reflectivity,

transmission is not affected by the spot size unless it is less than 5mm. In the case

of mirrors with 99.9% reflectivity, the spot size must be larger than 20mm. These

numerical results agree with the heuristic arguments above. Further details on the

method of numerical simulation are discussed in Sections 3.2.5 and 3.2.6.

3.2.5 Large mode volume cavity simulation

Cavity transmission for a Gaussian beam propagating in a Fabry-Perot etalon

was numerically modeled using open-source MATLAB code [322]. The cavity mirror

spacing was set at 50 mm, with incident beam spot sizes modeled in a range from 20

mm to 1 mm. Results are computed for both 99% and 99.9% etalon mirror reflectivity.

Results for the propagation of incident plane waves in the etalon are also calculated.

For a given etalon, transmission as a function of wavelength is characterized by its

interferometer transfer function (ITF):

ITF(λ) =
Iout (λ)

Iin (λ)
, (3.1)

where Iin is the intensity of light incident on the etalon, and Iout is the intensity of

light exiting the etalon. The outgoing intensity can be found by the spatial integration

of the outgoing field

Iout =

∫ ∞
0

|Uout (r, z)|2 2πrdr , (3.2)

where r is the radial axis and z is the optical axis, in the direction of the incoming

beam. The total outgoing field is the sum of contributions by exiting beams that have

made m round trips between the cavity mirrors, where m = 0, 1, 2, . . . For incident
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plane waves, these partial beams are expressible as a geometric series, and their sum

by an Airy function.

Incident Gaussian beams require a more general approach. Here, we use the

method of ray transfer matrix analysis, which allows the performance of ray tracing

calculations in cases where the paraxial approximation is valid. In this method, a

2×2 ray transfer matrix (sometimes called an ABCD matrix), operates on a vector

representing an incoming light ray, yielding a new vector representing the outgoing

ray [
qout
1

]
= k

[
A B
C D

] [
qin
1

]
. (3.3)

Here, k is a normalization constant, and q is the complex beam parameter defined by

1

q
=

1

R
− i

λ

πnw2
, (3.4)

where R is the Gaussian beam radius of curvature, w is its Gaussian waist size, n is

the index of refraction of the material through which the beam is passing, and λ is

its wavelength. Because ABCD matrices are linear operators, matrices representing

each optical element in a system can be multiplied together to give a single resultant

matrix representing the system as a whole

M = MNMN−1 · · ·M2M1 . (3.5)

Modeling a vacuum spaced etalon requires three different kinds of ABCD ma-

trix. First is Mrefr, representing the refraction of a ray either entering or exiting the

etalon

Mrefr =

[
1 0
0 n1/n2

]
, (3.6)

where n1 is the index of refraction in the initial medium and n2 is the index of refrac-

tion in the final medium. The second ray-transfer matrix is Mprop, which represents

the propagation of rays through a homogeneous medium

Mprop =

[
1 h/n
0 1

]
, (3.7)
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here h is the distance propagated (in this case, the mirror-to-mirror distance), and n

is the index of refraction of the medium propagated through (vacuum, so here n = 1).

Third and last is Mrefl, which gives the reflection of rays from a planar surface:

Mrefl =

[
1 0
0 1

]
. (3.8)

Conceptually, it is natural to model the propagation of the beam through the etalon

in three parts: Min, in which a ray enters the etalon through the first mirror, Mcav, in

which the ray bounces back and forth between the cavity mirrors, and finally Mout,

in which the ray exits the etalon. Min only involves refraction by the first mirror:

Min = Mrefr . (3.9)

For Mcav, consider the constituent matrices of a round trip through the interior of

the etalon: 1) propagation through the interior to the surface of the second mirror,

2) reflection from the second mirror’s surface, 3) propagation back to the first mirror,

and 4) reflection from the first mirror’s surface. In matrix form:

Mcav = M←
refl M

←
prop Mrefl Mprop . (3.10)

The matrix Mout, representing the ray transmitted through the cavity, is compara-

tively straightforward: propagation to the second mirror surface, followed by refrac-

tion through the second mirror to exit the etalon

Mout = Mrefr Mprop . (3.11)

Now, Min and Mout occur exactly once for each transmitted ray, but the number m of

round trips within the cavity can be any non-negative integer, so the overall system

matrix for any possible transmitted ray has the form

M = Mout (Mcav)
m Min. (3.12)

From this system matrix, the transmitted field can be computed from the

relation

Uout (r, z;M) =
1

A+B/q (zin )
exp

(
−ik

r2

2q (zout )

)
, (3.13)

104



where zin and zout are the axial positions at the entrance and exit of the etalon,

respectively.

The ABCD ray-tracing model does not capture changes in field amplitude, so

that must be included in the final summation of contributions to the field from all

transmitted beams

Uout (r, z) =
∞∑

m=0

AmUm, Am = t1t2 (r1r2)
m . (3.14)

Here, t1,t2, and r1,r2 are the transmittivity and reflectivity coefficients of the first and

second mirrors. The above provides a method to compute the ITF for any chosen

wavelength, given the incoming beam spot and waist size, the indices of refraction

for intra- and extracavity material, the mirror-to-mirror spacing, and the reflectivity

of each mirror. While the number of cavity round trips m used in computing the

transmitted field ranges from zero to infinity, because the partial field contribution

becomes smaller and smaller for higher-m terms, the number of computed round

trips can be truncated at a finite value. This truncation was chosen by considering

the output ITF values to have converged once the most recent term changes the overall

transmitted field amplitude by < 0.001%, typically m ∼100. To capture fine details,

103 points/nm were computed in the vicinity of the transmission peaks, with 102

points/nm in the inter-peak region. The plane wave computations were performed by

setting the spot size to several orders of magnitude larger than the cavity dimensions.

3.2.6 Non-parallelism/incidence angle effects

If the input laser beam is tilted at an angle θt relative to the etalon, each

successive reflection inside the etalon is slightly displaced. This displacement is called

walk-off. The walk-off per round trip is

∆walk = 2d tan θt . (3.15)

As the beam is displaced by ∆walk relative to the previous pass, the overlap between

the two profiles is reduced. The normalized field overlap between u(r) and a displaced
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Figure 3.9: Numerical simulation of the effect of laser beam incidence angle on cavity
transmission. Cavity is 5 cm in length, mirror reflectivity is 99%, and laser spot size
is 10 mm.

copy u(r −∆) is given by:

ηoverlap (∆) =

∣∣∫∫ u(r)u(r−∆)d2r
∣∣√∫∫

|u(r)|2d2r
∫∫

|u(r−∆)|2d2r
, (3.16)

where

u(r) = exp

(
− r2

w2
0

)
(3.17)

and w0 is the beam waist. Making the reasonable assumption that both beams have

the same width and power, the above simplifies to

ηoverlap(∆) = exp

(
−∆2

walk

2w2
0

)
. (3.18)

For the m-th round trip, this amplitude field factor becomes

amode (m) = exp

(
−(m∆walk )

2

2w2
0

)
. (3.19)
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After a number of round trips, the beam will begin to walk off the mirror entirely.

The power fraction of an offset 2D Gaussian that passes through a circular aperture

of radius a is given by the formula

Ppass (∆) =
2π

πw2
0/2

∫ a

0

re
−

2(r2+∆2)
w2
0 I0

(
4r∆

w2
0

)
dr , (3.20)

where I0 is a modified Bessel function [325]. The corresponding field amplitude factor

is aap(∆) =
√
Ppass(∆). The transmitted field summed over m round trips is

Eout (λ, θ) = t2
mmax∑
m=0

am
(
r2eiδ

)m
, (3.21)

where t =
√
1−R is the transmission amplitude, r =

√
R is the reflection amplitude,

am = amode (m) · aap (m) is the combined Gaussian overlap and aperture loss factors,

and mmax is chosen so that additional round trips no longer significantly contribute

to the sum. δ is the single round-trip optical phase shift

δ =
2π

λ
· (2nd cos θt) , (3.22)

where n is the refractive index of the intracavity medium and d is the physical

distance between the etalon mirrors. The transmission T is given by

T (λ, θ) = |Eout |2 . (3.23)

If the input laser beam is instead normally incident on the etalon, but one of

the mirrors has a small tilt θ relative to the other in an azimuthal direction ϕ, the

gap between mirrors is given by

d(x, y) = d0 + θ(x cosϕ+ y sinϕ). (3.24)

x, y are coordinates in the mirror plane, with the beam center at (0, 0). The round-trip

phase varies across the beam footprint as
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Figure 3.10: Numerical simulation of the effect of mirror non-parallelism on cavity
transmission. Cavity is 5 cm in length, mirror reflectivity is 99%, and laser spot size
is 10 mm. θ is the mirror wedge angle.

δ(x, y;λ) =
4πnd(x, y)

λ
. (3.25)

The resonance condition is δ = 2mπ, so different parts of the beam see different

resonances, leading to inhomogeneous broadening. The Airy transmission is

T (λ) =
1

1 + F sin2
(
δ
2

) , (3.26)

where

F =
4R

(1−R)2
. (3.27)

The effective ITF can be modeled as the Gaussian-weighted average of the local

transmissions:

Tavg (λ) =

∫∫
aperture

I(x, y)T (λ; x, y)dxdy∫∫
aperture

I(x, y)dxdy
, (3.28)
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where the beam I(x, y) is given by

I(x, y) = exp

[
−2 (x2 + y2)

w2

]
. (3.29)

We use a discrete Nxy ×Nxy grid with normalized weights W (x, y) given by

Wij =
Iij∑

m,n Imn

, (3.30)

where I(x, y) = 0 for points outside the etalon mirrors.

3.2.7 Advantages of CW lasers

For CW laser excitation, each atom with longitudinal velocity v that enters the

light beam effectively sees a laser pulse of length equal to the transit time τt = d/v,

where d is the width of the laser beam. Here, for simplicity, we are neglecting the

dependence on transverse velocity and on the shape of the laser beam profile.

Consider an atomic beam with density n0 subject to two overlapping laser

fields with intensities I12 and I2i, respectively, driving transitions from the ground

state 1 to an excited state 2 and then ionizing via an autoionizing state i. The level

population densities n1 and n2 of atoms subject to laser light can be described by the

rate equations

dn1

dt
= −B12n1 + (A21 +B21)n2

dn2

dt
= B12n1 − (A21 +B21 +B2i)n2 ,

(3.31)

where A21 is the rate of spontaneous decay from state 2 to 1, Bmm′ are the stimulated

transition rates from m → m′, and γ is the atomic transit rate through the laser

beam. In general, the populations nm and transition rates Bmm′ are each functions

of longitudinal atomic velocity v. However, if autoionizing transition is broad, B2i

can be considered effectively velocity independent [326]. If the pump transition is

narrower than the transverse Doppler distribution, the pump laser can be spectrally
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broadened, or high enough intensity used to address the entire Doppler distribution.

Thus, Eq. 3.31 can be taken to describe the entire transverse velocity distribution,

with all quantities considered velocity independent.

Now, consider a group of atoms with longitudinal velocity v that all enter the

beam at the same time. If we assume saturation conditions for the 1 → 2 transition,

i.e., B12 = B21 ≫ A21, B2i, then over short time scales we have a quasi-steady-state

condition in which we can set dn1/dt = dn2/dt = 0 and neglect A21 and B2i, so that

Eq. 3.31 reduces to n2 = n1. In other words, light field 1 continuously equilibrates

the level populations so that at any given time, half of the atoms are in state 1 and

half are in state 2. Over longer time scales (but still shorter than the transit time),

the total number of atoms decreases as atoms are ionized. Adding the two equations

(3.31), we find an expression for the rate of increase of ion density ni, equal to the

decrease of the atomic population n = n1 + n2

dni

dt
= −dn

dt
= B2in2 = B2in/2 , (3.32)

or, since n+ ni = n0,

dni

dt
= B2i (n0 − ni) /2 . (3.33)

Integrating Eq. 3.33 over the transit time, we can find the ionization fraction ni/n0

for these atoms. For numerical evaluation and plotting it is more convenient to work

with the quantity η = 1− ni/n0, i.e., the fraction of atoms that are not ionized. We

find

ηcw = exp

(
−
∫ τt

0

B2idt/2

)
. (3.34)

The ionization transition rate is given in terms of the photoionization cross section

σ2i by B2i = σ2iΦ2i, where Φ2i = I2i/(ℏω2i) is the flux of ionizing photons. Thus the

integral in Eq. 3.34 is given by∫ τt

0

1

2
B2idt =

σ2iI2iτt
2ℏω2i

=
σ2iP2i

2ℏω2ivd
, (3.35)
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where we have used the definition of τt and written the light intensity in terms of the

light power P2i = I2id
2. Defining the saturation parameter

κcw =
σ2iP2i

2ℏω2iv0d
, (3.36)

where v0 is the most probable atomic speed in the oven from the Maxwell-Boltzmann

distribution, we have for the un-ionized fraction of atoms with velocity v:

ηcw(v) = exp (−κcwv0/v) . (3.37)

Now, the longitudinal velocity distribution f(v) in a thermal atomic beam

produced by an oven at temperature T is given by [327]:

f(v)dv = 2
v3

v40
e−v

2/v20dv . (3.38)

It is convenient to write the velocity distribution in terms of a dimensionless velocity

ξ = v/v0

f(ξ)dξ = 2ξ3e−ξ
2

dξ . (3.39)

To find the total un-ionized fraction, we multiply Eq. 3.37 by the velocity distribution

f(ξ), and integrate over velocity. This gives

ηcw =

∫ ∞
0

f(ξ)ηcw(ξ)dξ =

∫ ∞
0

2ξ3e−ξ
2

e−κcw/ξdξ =
κ4
cw

16
√
π
G3,0

0,3

(
−2,−3

2
, 0

∣∣∣∣ κ2
cw

4

)
,(3.40)

whereG is the MeijerG-function. We are interested in the regime κcw > 1. Expanding

this function in a power series, we find within 1% accuracy in this range,

ηcw ≈ e−3(κcw/2)2/3
(
0.383κ−1/3cw + 1.579κ1/3

cw + 1.023κcw

)
. (3.41)

3.2.8 Comparison with pulsed lasers

Now consider the case of pulsed excitation, with laser pulses of length τp at

a repetition rate frep. We assume that the pulse length is much shorter than the
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characteristic atomic transit time, i.e., τp ≪ d/v0, but still much longer than the

equilibration time for optical pumping on the 1 → 2 transition. Then the development

proceeds as for the CW case, except that each atom sees an integer number of pulses,

the number depending on its velocity and the time that it enters the interaction region.

The number of light pulses that a given atom may be subject to is determined by

the ratio of its transit time τt through the light beam to the pulse repetition period

1/frep, i.e., the quantity β = τtfrep = frepd/v. Writing β = m + r, where m is the

integer part of β and r is the remainder, a given atom with transit parameter β will

be subject to either m or m + 1 pulses, depending on the time that the atom enters

the interaction region; i.e., for 0 < β < 1, an atom will see either 0 or 1 pulses, for

1 < β < 2, either 1 or 2 pulses, etc. The fraction of atoms that see the higher number

of pulses is r. Thus, the un-ionized fraction for atoms with velocity v is

ηp(v) = (1− r)e−mκp + re−(m+1)κp , (3.42)

where m and r both depend on v, and we have obtained the saturation parameter κp

for the pulsed case,

κp =
σ2iP2iτp
2ℏω2id2

=
σ2iP̄2i

2ℏω2ifrepd2
, (3.43)

from κcw by replacing the characteristic transit time with the laser pulse time and

writing the peak laser power P2i in terms of the average light power

P̄2i = P2iτpfrep . (3.44)

Multiplying by the atomic velocity distribution and changing variables from v to β

gives the integral for the total un-ionized fraction

ηp =

∫ ∞
0

2
β4
0

β5
e−β

2
0/β

2 [
(1− r)e−mκp + re−(m+1)κp

]
dβ , (3.45)

where β0 = frepd/v0 is the characteristic transit-time parameter for the velocity dis-

tribution. Using the substitution β = m+ r, we can break up this integral into a sum
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of integrals over r for each value of m, each integral running from r = 0 to 1

ηp =
∞∑

m=0

∫ 1

0

β4
0

(m+ r)5
e−β

2
0/(m+r)2

[
(1− r)e−mκp + re−(m+1)κp

]
dr . (3.46)

Evaluating the integrals, we find that the series can be written as

ηp = e−β0
2 − 1

2

√
πβ0 (1− erf β0)

+ e−κp

[√
π

2
β0

(
1− 2 erf β0 + erf

(
β0

2

))
+ 2e−

β0
2

4 − 2e−β0
2

]
+
∞∑

m=2

e−mκp

[√
π

2
β0

(
erf

(
β0

m− 1

)
− 2 erf

(
β0

m

)
+ erf

(
β0

m+ 1

))
+(m− 1)e

− β0
2

(m−1)2 − 2me−
β0

2

m2 + (m+ 1)e
− β0

2

(m+1)2

]
,

(3.47)

where “erf” is the error function. The terms on the first and second lines describe

atoms that are subject to 0 and 1 laser pulses, respectively, while each term of the sum

from m = 2 to ∞ describes atoms that are subject to m laser pulses. For accurate

numerical evaluation, the series can be truncated after a small number of terms. For

large enough κp, all terms except those on the first line are negligible; in this regime

ηp is independent of κp.

3.2.9 Applications

In this section we discuss an application of MRLIS to strontium, which has a

rare isotope, 84Sr, that can be used as a tracer for bone absorption to detect the onset

of osteoporosis [328]. This same isotope can also be used to produce the radioisotope

85Sr, which we have proposed for a new test of quantum mechanics [329, 330]. A rate-

equation model is presented and used to make estimates of ionization fraction in the

pulsed and CW cases as a function of ionizing laser power, beam diameter, repetition

rate (in the pulsed case) and oven temperature. Saturated optical pumping on the

transition to the intermediate state is assumed. The magnitude of expected AC Stark

shifts of the transition is also discussed. We estimate that the combination of high

intracavity power and long transit time leads to near unity in ionization probability,
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and we expect MRLIS to significantly facilitate new and existing applications of

isotopes in medicine. Perhaps the most exciting future application of MRLIS is

towards production of radioisotopes as an alternative to radiochemistry, due to the

small footprint of the system’s vacuum chamber, which fits into standard hot cells.

One particularly compelling case is production of the radioisotope 177Lu from stable

176Lu due to the much larger (∼ 700×) neutron cross section of 176Lu compared with

176Yb [331]. The latter stable isotope is currently used to produce 177Lu, which is

then separated using radiochemistry methods [317].

Figure 3.11: Optical pumping scheme for photoionization via intermediate state
5s5p 1P1 and autoionizing state 5p2 1D2. The dotted line represents the strontium
ionization potential. Image credit: [332].

Experimental parameters for the numerical results are given in Table 3.1, and

a schematic of the relevant energy levels in atomic strontium is shown in Fig. 3.11.

The ionization limit of Sr is 5.695 eV. The ground 1S0 state would first be excited by

a laser near 461 nm to the 1P1 state which has a decay rate of 2.01×108 s−1. A second

laser near 405 nm would then excite atoms from the 1P1 state to the 1D2 autoionizing
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state [333]. The ionization cross section in Table 3.1 is the isotropic cross section

σiso, appropriate for excitation with unpolarized light [334]. For linearly polarized

light the cross section depends on the angle θ between the pump and ionizing laser

polarization axes. Assuming that ionization is due to a J = 1 → J = 2 transition,

the dependence is given by:

σ2i =
3

10

(
3 + cos2 θ

)
σiso , (3.48)

or σ2i = 1.2σiso for parallel polarizations [335]. The laser will be scanned just above

the ionization limit to optimize ionization with an autoionizing state, but it may be

simpler to find a convenient high-power laser that is above the ionization threshold.

Positive ions will be accelerated by an electric field that will remove the desired

isotopes from the beam and collect them on a cathode plate.

Ionization cross section σ2i 1.2× 5450Mb
Ionization photon energy ℏω2i 4.9× 10−19 J
Atomic mass ma 88 amu
Pulse repetition rate frep 1 to 10 kHz
Oven temperature T 690 to 930K
Most probable atomic speed in oven v0 360 to 420m/s
Mean longitudinal atomic beam velocity v̄ 480 to 560 m/s
Laser beam diameter d 1 to 5 cm
Circulating ionizing laser power (CW) P2i ≤ 5W × 100 (build-up)
Average ionizing laser power (pulsed) P̄2i ≤ 25W

Table 3.1: Parameters used for the numerical estimates.

Here we employ the rate-equation model discussed in prior sections, valid for

CW excitation or when laser pulses are much longer than the excited state lifetime

[303, 336, 337, 338, 339]. We assume that the atomic density is low enough that the

medium can be considered optically thin. For a uniform atomic beam of density n,

interaction cross-section σ(ν), and laser interaction path length L, the atomic beam

can be considered optically thin if

n ≪ 1

Lσ(ν)
(3.49)
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[340]. For the 405 nm transition of strontium, values from Table 3.1 suggest that

atomic beam densities n ≪ 1013 cm−3 are optically thin. Typical densities for col-

limated atomic beams from thermal oven sources are in the range 107 − 1010 cm−3,

satisfying the criterion for optical thinness.

Our proposed method for efficient isotope separation based on laser ionization

can be usefully compared with the prior method of laser ionization by simple scaling.

In that case, pulsed lasers were utilized, with a typical pulse duration of 100 ns and

a pulse repetition rate of 10 kHz [341]. The average laser power was in the range

of 20 W as typical with pulsed dye lasers. The enhancement of the ionizing laser

in MRLIS with a 1000 finesse cavity, and use of continuous-wave solid state lasers

with a power of 5-10 W, would provide a comparable average laser intensity to that

of the pulsed laser, assuming similar focusing. The interaction time would be about

1000 times longer in the case of MRLIS, addressing all the desired isotopes in the

atomic beam, and bringing the ionization probability to near unity. In addition, the

use of narrow-band continuous-wave lasers would enable high isotopic purity, unlike

the previous method where the excitation lasers had large linewidths on the order

of 100 MHz, limiting isotopic purity. Pulsed lasers operating in the neighborhood

of 405 nm capable of matching the ionization efficiency of a cavity-enhanced CW

system do not appear to be widely available. For example, a 15 mW pulsed laser

with a 10 MHz repetition rate, available from Thorlabs [342], provides an ionization

efficiency of 0.04%. Quantel and Ekspla offer OPO-based systems at this wavelength

with average power approaching 1 W, but repetition rates in the 10-100 Hz range and

consequently very low ionization rates, below 1% [343, 344].

Substituting numerical parameters from Table 3.1 into the expression for κcw

from Section 3.2.7, we find:

κcw ≈ 4.85
P2i[W]

d[cm]
√

T [K]
, (3.50)

with an upper range of κcw ≤ 90. The un-ionized fraction ηcw is plotted for a range of
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κcw in Fig. 3.12(a). For a cavity with an enhancement factor of 200, an input power

of at least 1.1 W would achieve ionization efficiency > 99%.

Substituting numerical parameters into the expressions for κp and β0 from

Section 3.2.8, we find:

κp ≈ 6.67
P̄2i[ W]

d2 [ cm2] frep[kHz]
, (3.51)

and

β0 ≈ 0.727
d[cm]frep [kHz]√

T [K]
, (3.52)

with typical values κp ≤ 45 and β0 ≤ 2. The un-ionized fraction ηp is plotted for a

range of κp and β0 in Fig. 3.12(b).

Figure 3.12: (a) CW un-ionized fraction ηcw and (b) pulsed un-ionized fraction ηp
as a function of dimensionless parameters κcw, κp and β0. The “useful” range of the
saturation parameters κcw and κp are plotted, above which further improvement in
ionization fraction is negligible.

The AC Stark shift of a state due to light interacting with a given transition

is of the order of Ω2/∆, where ∆ is the light detuning from resonance, Ω = dE/ℏ

is the Rabi frequency, d is the dipole matrix element and E is the light electric
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field amplitude. Writing d in terms of the natural width Γ and wavelength λ of the

transition and E in terms of the light intensity I and neglecting numerical factors of

order unity [345], we have

Ω =
1

π

√
ΓIλ3

ℏc
, (3.53)

resulting in a Stark shift

ΓIλ3

π2∆ℏc
. (3.54)

A significant contribution to the AC Stark shifts of the ground and excited

state of the 461 nm transition due to the 405 nm light is likely to come from the

405 nm light interacting with the 461 nm transition itself. Using λ = 460.9 nm,

I = (100 W)/(3 cm)2, Γ = 1/(5.2 ns), and ∆ = 2πc/(405.2 nm)− 2πc/(460.9 nm) =

5.6 × 1014/s, we can estimate a Stark shift on the order of 10 kHz. Thus we can

conclude that for this case the AC Stark shifts are negligible.
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Chapter 4: Atomic Thermalization by Weak

Adsorption on Polymer Films

While experimenting with techniques to improve the detection efficiency of

our iron isotope spectroscopy, we1 encountered an unexpected and potentially useful

property of micron-thickness silane polymer coatings, in particular polydimethylsilox-

ane (PDMS). When hot atoms strike such surfaces, they are diffusely scattered, and

the scattered atoms are observed to fully thermalize with the polymer surface. How-

ever, thin PDMS films proved exceedingly resistant to accumulating any significant

quantity of the impinging atoms used in our experiments, even when placed directly

in the beamline produced by an atomic oven for hours. Physically, this suggests an

interesting balance: because the scattered atoms assume the surface’s temperature,

they are presumably adsorbed long enough to thermally equilibrate with the polymer

coating, yet they are bound to the surface so weakly that essentially all atoms are

eventually desorbed.

Long-chain polymers like paraffin and PDMS have long been used as anti-spin

relaxation coatings on the interior surfaces of vapor cells2 ][347, 348, 349]; however, be-

cause of the very application-specific nature of these coatings, at least as far as atomic

physics is concerned, their literature almost exclusively concerns interactions with al-

kali metals [350, 351, 352]. In fact, much of the literature investigating the remarkable

“nonstick” behavior of PDMS for atomic physics applications relates desorption mech-

anisms to properties of alkali metals, particularly rubidium [347, 348, 353, 354]. Our

observations strongly suggest that these favorable properties of PDMS, and possibly

other silane coatings, are applicable to a far broader range of atomic species than

were previously suspected, including transition metals and rare earth metals.

1This chapter is adapted from published work by V.J. Ajith, Aaron Barr, and Mark Raizen.
2These coatings help minimize the loss of atomic spin polarization during atomic collisions with

the chamber walls.
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Figure 4.1: 100 µm-thickness PDMS film [346]

Thin PDMS coatings have potential application as a novel method of atom

cooling via surface scattering, without loss of flux. This could be useful for en-

hancing the laser fluorescence detection of trace elements, because cooler atoms have

increased transit times across the excitation laser. The longer the transit time, the

more excitation-emission cycles occur, improving the fluorescence signal. For exam-

ple, atoms from an iron effusion oven operating at 1970 K have a most probable

velocity vmp of 758 m/s, while the same iron atoms at 298 K have vmp of 298 m/s,

potentially doubling transit time and fluorescence photons emitted [355]. Atom trap-

ping, used in optical clocks, quantum computing, and quantum sensing, is another

possible area of application [350, 356, 357, 358].

While this finding is very promising, there are significant caveats. Chief among

these is that the achievable temperature reduction by surface scattering is highly de-

pendent on material properties. PDMS becomes brittle and loses its surface scattering

properties at temperatures below around 200 K; producing a true cold atom source

with this method would require a polymer with glass transition temperature lower

than currently known.
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4.1 Producing thin polymer films

Polydimethylsiloxane (PDMS) is a silicon-based organic polymer, consisting of

a linear chain of repeating −Si (CH3)2−O− units: (C2H6OSi)n. The molecule has a

backbone of alternating Si−O−Si linkages with a 143◦ bond angle, giving it a flexible

open chain structure. The methyl side groups can rotate freely, and consequently

PDMS has a very low glass transition temperature of -120◦C,and low surface energy

of 20-24 mN m−1. The result is a polymer with unusual chain flexibility, chemical

inertness, and very low intermolecular forces [359].

The scattering surfaces for our experiments were produced by spin-coating and

subsequently curing a thin layer of Dow Sylgard 184 onto substrates made from mi-

croscope slides, or INFICON thickness monitor crystals. Sylgard is a trade name for a

self-curing PDMS formulation produced by Dow Chemical Company [360]. Undiluted

PDMS has viscosity of 3900 cP, making spin-coating of thin uniform films difficult

[361, 362]. Diluting PDMS in a volatile solvent reduces its viscosity, allowing uniform

spreading and controlled thinning by centrifugal forces and solvent evaporation; this

enables the reliable production of thin films with thicknesses from micrometers to tens

of nanometers by carefully adjusting the ratio of solvent to PDMS. The solvent must

be volatile enough to evaporate cleanly during spinning, able to dissolve PDMS suf-

ficiently, and compatible with the substrate. The solvent evaporation rate is critical;

if it evaporates too quickly, as can occur with hexane, then the spun PDMS surface

may develop striations or “orange-peel” texture. If the solvent evaporation rate is

too slow, then the film will continue to flow after spinning. Toluene’s in-between

volatility yielded good uniformity in our experiments.

For this study, liquid PDMS was diluted with toluene in a 10 : 1 solvent/polymer

ratio. This solution was transferred to the substrate via micropipette and spun at

3000 rpm for 60 seconds. The solvent rapidly evaporates during the spinning process,

leaving a visually uniform spot. Curing the film was accomplished by placing the

coated substrate into a dish on a laboratory hotplate, and warmed at 65 ◦C for ∼ 2
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hours. Earlier studies using a similar protocol with the polymer PMMA measured

the resulting film thickness at roughly 1 µm [363]. Quartz crystal monitor estimates

of the thickness of the PDMS films we produced were consistent with this value. The

surface morphology of thin PDMS films has been well characterized in prior studies,

and are consistent with our observations of the films produced (see Fig. 4.2 [364]).

Figure 4.2: PDMS surface viewed under optical microscopy (∼ 1 mm× 1 mm). The
coating contains sparse micron-sized impurities or imperfections, separated by more
than 0.5− 1 mm. [365]

4.1.1 Theory

The physical theory of how a layer of viscous liquid on a spinning disk thins and

spreads radially under centrifugal forces was described in a landmark 1958 paper by

Alfred Emslie, Francis Bonner, and Leslie Peck [366]. It models the radial outflow of

an incompressible Newtonian fluid with constant density ρ, viscosity η, and thickness

h(r, t) on a disk rotating with constant angular velocity ω. The fluid is assumed to
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be incompressible and axisymmetric, with film thickness h ≪ disk radius, so vertical

velocities are small. Evaporation is considered negligible, so there is no mass loss of

fluid. Secondary forces such as gravity and surface tension are not included in the

model. In cylindrical coordinates (r, z), the Navier-Stokes equations reduce to:

0 = −∂p

∂r
+ η

∂2u

∂z2
+ ρω2r (4.1)

where u(r, z, t) is the radial velocity in the liquid. The boundary conditions

are given by:

u(r, z = 0, t) = 0 (no slip at disk surface)

∂u

∂z
(r, z = h, t) = 0 (no shear at free surface)

(4.2)

Integrating twice with respect to z, one obtains the radial velocity profile:

u(r, z, t) =
ρω2r

2η

(
z2 − 2hz

)
(4.3)

The continuity equation for an incompressible fluid in axisymmetric coordi-

nates is:

∂h

∂t
+

1

r

∂

∂r
(rūh) = 0 (4.4)

where ū is the height-averaged radial velocity, obtained by integrating u across z :

ū(r, t) =
1

h

∫ h

0

udz = −ρω2rh2

3η
(4.5)

Substituting into the continuity equation gives the Emslie-Bonner-Peck (EBP)

film-thickness equation:

∂h

∂t
= −ω2

3v

(
h3 + r

∂h3

∂r

)
(4.6)
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where v = η/ρ is the kinematic viscosity. For many practical cases, the radial deriva-

tive term is small compared to the first term, so the thickness can be approximated

as spatially uniform:

∂h

∂t
= −ω2h3

3v
(4.7)

which integrates to:

h(t) =
h0√

1 +
2ω2h2

0t

3v

(4.8)

Here h0 is the initial film thickness at t = 0. The final steady-state thickness depends

on the film’s viscosity η, density ρ, and spin speed ω. Since h decreases as its own

cube, most thinning occurs early. The film eventually becomes so thin that viscous

drag nearly halts further thinning.

However, the EBP model does not capture the full dynamics that occurs with

solvent/polymer systems. During the early spin-up stage, the EBP model is ap-

proximately valid, as the toluene-diluted PDMS is a nearly Newtonian fluid, and its

thinning roughly follows the EBP model. However, as the solvent evaporates and

viscosity rises, the process transitions into an evaporation-controlled regime, which is

not modeled by EBP. In 1978, Dietrich Meyerhofer extended the EBP framework to

films produced from solution, describing how film thickness h(t) and solute volume

fraction C(t) evolve, and how the final dry thickness depends on spin speed, solute

concentration, and solvent evaporation rate. A solution of initial concentration C0

and initial thickness h0 is deposited on a rotating substrate with angular speed ω.

Two coupled processes occur simultaneously in Meyerhofer’s model: the first pro-

cess is radial outflow and thinning governed by viscous flow, as in EBP; the second

process is mass loss via solvent evaporation, which causes the total volume to de-

crease and the solute fraction to increase. Thus, the total rate of thickness change
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is the sum of hydrodynamic thinning and evaporation loss. Meyerhofer proposed the

phenomenological equation:

dh

dt
= −

(
ω2h3

3v
+ E

)
(4.9)

where E is an effective evaporation rate. The first term is the EBP viscous thinning,

and the second term accounts for solvent volume loss by evaporation. The solu-

tion’s viscosity rises rapidly with solute fraction. Meyerhofer adopted an empirical

exponential relation to model this:

η(C) = ηse
βC (4.10)

where ηs is the solvent viscosity and β is an empirical parameter. Initially, C and

viscosity can both be considered low, and evaporation a small effect. The EBP term

dominates:

dh

dt
≈ −ω2h3

3ν
⇒ h(t) ∝ t−1/2 (4.11)

At later times, viscosity grows large enough that the flow term becomes negligible,

and a “crossover” point is reached where the film thickness decreases linearly with

time due to evaporation:

dh

dt
≈ −E ⇒ h(t) ≈ hcross − E (t− tcross ) (4.12)

The following empirical relation for final film thickness can be derived from the above:

hf ∝ Cα
0 ω
−β (4.13)

with parameters α ≈ 1 and β ≈ 0.6 − 1.0 depending on solvent volatility, polymer

viscosity, and temperature. The theoretical prediction for ideal Newtonian liquids

with constant evaporation rate is β = 2/3. For viscoelastic fluids like PDMS, β ≈
0.8− 1.

125



4.1.2 Apparatus

Figure 4.3: Instras spin-coater of the type used in this experiment [367]

The spin coater we used is a model SCK-300S from Instras Scientific, an

Arduino-based spin-coater, rated for speeds from 500 to 5,000 RPM. The range of

speeds was very helpful in finding solvent/spin parameters that yielded consistent

thin films [367]. We usually worked with substrates significantly smaller than a glass

slide, and found that mounting them on a slide with double-sided SEM carbon tape

from Ted Pella, and then anchoring the whole assembly with the vacuum chuck [368].

Solvent/PDMS coating samples were produced using serial dilution and an adjustable

micropipette.

4.1.3 Thickness estimation

Our 1 micron estimate of spun film thickness is consistent with the value pre-

dicted by empirical results from prior literature [363]. We directly measured the film

thickness produced with our solvent and spin parameters by coating a quartz crystal
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Figure 4.4: Molecular structure of D4, D5, and D6. [369]

microbalance (CQM) crystal with PDMS and measuring in-chamber at atmosphere.

In vacuum, however, we found that the CQM registered a slow mass loss that inter-

fered with direct CQM measurements of atom coating rate3. Initially, we believed

this to be due to residual solvent, but extended gentle bakeout at 60◦C− 80◦C failed

to measurably change the troublesome mass loss signal. More aggressive bakeout, at

or above 100◦C, was found to damage the crystals to the point of inoperability. With

the benefit of experimental hindsight, it seems likely that the culprit was not residual

solvent, but rather the outgassing of volatile siloxane rings, called D4, D5, and D6.

PDMS itself has very low vapor pressure, in the mPa range at 25◦C. Cyclic volatile

methylsiloxanes (cVMS) are low molecular weight (MW) ring molecules present in

most PDMS, and a known contaminant in UHV work [370]. These small species are

quite volatile even at 25◦C : 130 Pa for D4, 33 Pa for D5, and 4 Pa for D6 [371].

NASA data indicates measurable quantities of cVMS in Sylgard 184 [372, 373]. The

room temperature mass loss we observed was almost certainly from this low-MW tail.

4.2 Polymer scattering of Fe / Yb

The surface scattering experiments were performed using two sources: an iron

atomic beam produced by laser ablation, and an ytterbium beam produced by an

3See Section 4.2.2.
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effusion oven. The relatively stable higher flux that can be achieved with an effusive

oven was beneficial for some measurements, and the combination of high melting

point and low vapor pressure of iron make it an interesting test case for novel atom

cooling techniques [355].
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Figure 4.5: (a): Fe scattering setup. (b): Yb scattering setup.

For the iron scattering experiment, shown in Fig. 4.5(a), the IR ablation

laser was focused on the powder surface through one of the two apertures in the top

plate on the sample holder. The resulting collimated beam of atomic iron exited the

opposite aperture at a 15◦ angle relative to the ablated powder surface. The 372 nm

excitation laser was aligned adjacent to where the atom beam impacts the PDMS

coating. Thus, both incoming collimated atoms and scattered atoms from the PDMS

surface are excited by the 372 nm laser. Fig. 4.5(b) illustrates the experimental

setup for the surface scattering of ytterbium atoms. The oven produces an atomic

beam of ytterbium, which is collimated by a sequence of razor-edge slits. The atoms

strike a surface downstream, which can be either fixed, or a QCM sensor attached to

a long-travel screw and bellows arrangement, allowing the sensor to be maneuvered

into the beamline or withdrawn from the chamber. A probe laser tuned to the 399

nm transition of ytterbium crosses the beamline at right angles, slightly upstream

from the surface position. A PDMS-coated substrate was attached to a feedthrough

on the vacuum chamber and positioned just above the observation volume, where the

128



excitation laser and collimated atom beam intersect, as shown in Fig.4.5. Depending

on the experiment, the substrate was mounted either on a liquid nitrogen cold finger

or a quartz crystal thickness monitor.

The two-section ytterbium oven used in this experiment was inherited from a

prior experiment by former group member Igal Bucay [374, 375]. The two sections

consist of a reservoir for granules of ytterbium metal, and a nozzle which was origi-

nally intended to hold an array of capillary tubes. The oven is designed to operate

continuously at temperatures up to 750◦C. Because ConFlat (CF) flanges with copper

gaskets have a maximum acceptable temperature of 450◦C, the oven and its heater

cables are enclosed inside the vacuum chamber and thermally isolated using Macor

ceramic standoffs [376].

Figure 4.6: Cross-section view of ytterbium oven. Image adapted from [375].

The body of the oven consists of custom-machined 0.025′′-thick stainless steel.

Oxygen-free copper sleeves are press-fitted onto the stainless-steel body for a nearly
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23-fold increase in thermal conductivity [377]. Sixteen round trenches with a radius

of 0.045′′ are threaded over about 1.8′′ on the copper sleeves to support custom aero-

rod heater cables from ARi Industries. These heater cables consist of heating wires

enclosed in an Inconel sheath and insulated with magnesium oxide. The heater cables

for the reservoir and nozzle are identical, with a length of about 5 ft and a diameter

of 0.093′′ so that they fit tightly in the 0.045′′-radius grooves. Each heater cable is

wrapped around the reservoir or nozzle and held tightly in place by copper clamps.

One type-K thermocouple was attached to each heater cable powered by separate

transformers to maintain an approximate 100 ◦C temperature difference between the

reservoir and nozzle to prevent clogging [375].

Figure 4.7: Ytterbium oven and chamber used in scattering experiment. Image
adapted from [375].
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a b

Figure 4.8: Fluorescence spectra for: (a) Fe, and (b) Yb [365].

4.2.1 Estimation of scattered atom temperature

The excitation beam was tuned across a range of roughly 2 GHz while measur-

ing the intensity of fluorescence, producing spectra in which peaks corresponding to

each of the stable iron isotopes, 54Fe, 56Fe, 57Fe, and 58Fe, appear. Fig. 4.8 (a) shows

a spectrum from the iron atom beam for a collimation ratio of 0.021. We define the

collimation ratio as the radius of the collimating aperture divided by the distance the

aperture have from the ablation point. The LIF spectrum for an atomic iron beam

scattered from a PDMS surface is shown in Fig.??, with data points represented by

blue circles. The spectrum captures both the inbound collimated atomic beam and

the diffusely scattered atoms from the surface; the sharp peaks in the spectrum are

due to the collimated atoms and the broad background is due to the scattered atoms.

Induced fluorescence from the glass substrate or PDMS coating can be discounted,

as they would be filtered by the lock-in amplifier.

Ytterbium’s optical transition near 399 nm (6s21S0 → 6s6p1P1) was used to

probe the atomic flux. The lifetime of the 399 nm transition is τ = 5.464 ns, so

the natural linewidth is Γ/2π ≈ 29.1 MHz [378]. This transition is nearly closed;

the 1P1 state has a very small leak on the order of 10−7, so repumping is un-

necessary for LIF spectroscopy [378]. The saturation intensity is given by Isat =

πhcΓ/ (3λ3) ≈ 60 mW/cm2. Ytterbium has seven naturally-occurring isotopes, and

131



Figure 4.9: Left: Voigt fit to collimated atom beam. Right: Scattered fluorescence
spectrum for Fe with Voigt fit to background [365].

thus a more complex isotopic spectrum than iron4. Yb171 and Yb173 have hyperfine

structure [379]. Fig. 4.8(b) shows a plot of the Yb spectrum for this transition taken

using our experimental setup.

The temperature of the collimated beam and scattered atoms are estimated

by fitting Voigt functions to the spectra, shown in Fig.4.9. A Voigt profile is the

convolution of a Gaussian (Doppler) component and a Lorentzian (natural linewidth)

component:

V (ν) =

∫ ∞
−∞

G (ν ′)L (ν − ν ′) dν ′ (4.14)

where G(ν) = 1
σ
√
2π

exp
[
− (ν − ν0)

2 / (2σ2)
]
describes Doppler broadening due to the

velocity distribution of the atoms, and L(ν) = γ/π

(ν−ν0)2+γ2 , describes homogeneous

broadening (natural linewidth, collisional, power broadening, etc.). The Voigt width

depends on both Gaussian width σ and Lorentzian half-width γ. For an atom of

mass m emitting or absorbing at central frequency ν0, the Doppler broadening due

to thermal motion along the laser/observation axis is:

4Yb174(31.8%),Yb172(21.9%),Yb173(16.1%), Yb171(14.3%),Yb176(12.7%),Yb170(3.05%),Yb168(0.13%).
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Figure 4.10: Histogram of the estimated temperatures from 44 independent spectra
of scattered atoms from PDMS coated glass slides. [365].

∆νD = ν0

√
8kBT ln 2

mc2
(4.15)

Here ∆νD is the full width at half-maximum (FWHM) of the Gaussian component.

Thus, extracting ∆νD from a numerical Voigt profile fit, the temperature can be

determined from:

T =
mc2

8kB ln(2)

(
∆νD
ν0

)2

(4.16)

The temperature estimate from this fit indicates that the incoming atoms are at a

temperature of around 1418 ± 130 K. Uncertainty in the temperature comes from the

uncertainty in the collimation ratio. The fit is repeated over multiple data sets as the

substrate is moved to expose different areas of the PDMS coating to interact with the

atom beam. The temperature estimates of the scattered atoms thus obtained from

these fits are shown as a histogram in Fig.4.10. We find that the mean temperature

value of the scattered atoms is 285 K, and the standard deviation is 22 K. We expect

the substrate to be equilibrated to the laboratory temperature, which is maintained
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at 293 K. Our measurement of the temperature of scattered atoms is close to the

temperature of the surface from which the atoms scattered. This temperature, around

293 K, is lower than the original atom temperature of 1400 K by almost a factor of

5, and the most probable velocity of the atoms is halved.

4.2.2 Coated/uncoated QCM crystals

The quartz crystal microbalance (QCM) is a type of ultrasensitive mass sensor

that can be used to measure minute changes in mass, thickness, or viscoelastic prop-

erties by monitoring shifts in the resonant frequency of a piezoelectric quartz crystal.

Their operating principle is based on the inverse piezoelectric effect in quartz, SiO2.

Quartz is piezoelectric; when mechanically strained, it produces an electric potential.

Conversely, when an electric field is applied, it deforms mechanically. At specific

frequencies, the deformation is resonantly amplified, and the crystal vibrates in its

fundamental thickness-shear mode, where layers of quartz slide parallel to the faces

in opposite directions. The fundamental frequency, f0, depends primarily on the

crystal’s thickness tq and the shear-wave velocity vq :

f0 =
vq
2tq

(4.17)

The shear-wave velocity is a fundamental material property determined by the elastic

stiffness, mass density and crystallographic orientation of the crystal. For an isotropic

solid, the shear-wave velocity is given by

vs =

√
G

ρ
(4.18)

where G is the shear modulus, and ρ is the density. Quartz is anisotropic, so the

value of G depends on the direction within the crystal lattice; its stiffness is described

by a tensor Cij with components:
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C11 = 8.676× 1010 Pa

C12 = 6.948× 109 Pa

C13 = 1.174× 1010 Pa

C14 = −1.794× 1010 Pa

C33 = 1.059× 1011 Pa

C44 = 5.793× 1010 Pa

(4.19)

The direction of the applied field and the crystal’s cut orientation relative

to its crystallographic axes determine the type of vibration mode, the temperature

coefficient of the resonant frequency, and the sensitivity to mechanical or thermal

stresses. CQM crystals typically use what is called an ”AT-cut,” orientation, which

has two major benefits: the frequency-temperature curve has a turning point near

25◦C, minimizing drift with temperature, and the AT-cut supports pure thickness-

shear vibrations, which couple efficiently to surface-bound mass but minimally to the

surrounding air or liquid. AT-cut crystals have low internal losses, providing high

stability and sensitivity [380]. The AT-cut is obtained by slicing the quartz crystal at

an angle of about 35.25◦ relative to the optical Z-axis, which is the principal symmetry

axis of the crystal. This rotation mixes components of C44, C14, and C66 (where

C66 = (C11 − C12) /2 ). The resulting effective shear modulus for the thickness-shear

mode is:

µAT = C ′66 ≈ 2.95× 1010 Pa (4.20)

Using quartz density 2.648× 103 kg/m3 gives:

vs =

√
µAT

ρq
=

√
2.95× 1010

2.648× 103
≈ 3.34× 103 m/s (4.21)

The thickness for a crystal with a 5 MHz fundamental frequency, as used in the

experiments of this dissertation is ∼ 330 µm. When a small, rigid, and uniformly dis-

tributed mass ∆m adheres to the crystal surface, it effectively increases the oscillating
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system’s inertia, lowering the resonance frequency. For thin films, this frequency shift

is given by the Sauerbrey equation [381]:

∆f = − 2f 2
0

A
√
ρqµq

∆m (4.22)

where ∆f is the frequency shift, f0 is the fundamental frequency of the unloaded

crystal, A is the active electrode area, ρq is the density of quartz, and µq is the shear

modulus of AT-cut quartz. This can be simplified to a calibration constant

∆f = −Cf∆m (4.23)

For a 5 MHz crystal,

Cf ≈ 56.6 Hz cm2µ g−1 (4.24)

An INFICON quartz crystal microbalance (QCM) was used to estimate the

coating rate and deposited film thickness for an ytterbium atomic beam incident on

both PDMS-coated and bare monitor crystals, which have a thin matte coating of

gold. The mass change due to the deposition of ytterbium from the atomic beam=

shifts the crystal’s resonant frequency in a predictable way, providing a sensitive

measurement of the coating thickness on the crystal. Normalized before-and-after

measurements of the resonant frequency shift for both coated and bare crystals allow a

direct comparison of the fraction of atoms scattered by coated and uncoated surfaces.

Next, a PDMS-coated surface was exposed to an atom beam flux for an ex-

tended period, and the degree of coating was measured. The laser ablation of iron

powder does not yield the large stable iron atom flux needed to measure such a slow

coating rate. An ytterbium beam produced by an atomic oven was used instead5

5For more details, see earlier in Chapter 4.2.
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Figure 4.11: Gold-coated QCM crystals exposed to Yb atomic beam. (a) Bare
crystal after 100 minutes of exposure: 162 nm film. (b) PDMS-coated crystal after
200 minutes of exposure: no measurable coating.

[375]. Exposing a thickness monitor crystal to the ytterbium atom beam for 100 min-

utes produced a visible 162 nm coating. For a PDMS-coated surface, even at twice

the exposure time, there is no visible coating on the crystal, and no increase in mass

in the QCM measurements. This demonstrates that nearly all the atoms interacting

with the PDMS surface are scattered. Additionally, the high percentage of atoms

scattered is not merely a transient behavior of freshly coated surfaces, persisting for

surfaces coated days earlier. The thickness monitor measurements were taken in the

dark, eliminating the possibility of light-induced atomic desorption (LIAD) effects.

The “non-stick” behavior of the PDMS coating is consistent with the low sticking

probability of ∼ 10−5 at 300 K noted in literature for rubidium on PDMS [382].

4.2.3 Chilled substrates: TEC and LN2

PDMS owes its non-stick and low-adsorption characteristics to low surface

energy due to methyl termination. For our atomic beam, this likely explains the

observed low sticking probabilities and rapid desorption under vacuum. The relevant

processes are thermally activated:
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S(T ) ≈ S0e
−Ea/kBT , τres(T ) = τ0e

Edes/kBT (4.25)

where S(T ) is the sticking probability, τres is the mean residence time, and Edes is

desorption energy, typically in the range 0.1−0.4eV. Residence times for alkali atoms

are typically in the microsecond to millisecond range at 300 K . The glass transition

temperature of PDMS is approximately −125◦C, depending on molecular weight and

crosslinking. It is among the lowest glass transition temperature (Tg) values known

for any polymer and the primary reason for PDMS’s flexibility at low temperatures.

Below Tg, chain mobility is reduced, and the surface methyl groups can no longer

rearrange to “shed” adsorbates. The sticking probability increases, residence times

can reach seconds for some atoms, and the material can trap atoms by physisorption.

In vacuum, adsorbate residence times are governed almost entirely by Edes . The

effective non-stick behavior depends on the interplay between desorption rate and

the atomic beam dwell time on the surface. With the PDMS rigid and cold, incident

atoms that sample its attractive physisorption well have no thermal energy to escape:

at 77 K, kBT ≈ 0.0066 eV. The initial sticking probability becomes near-unity for

species like Na, K, Rb, and Cs.

Edes = 0.20eV → τres ≈ 1.2 s at 77 K (vs ∼ 2× 10−10 s at 300 K) (4.26)

Edes = 0.25eV → τres ≈ 2.3× 103 s (∼ 38 min) (4.27)

Edes = 0.35eV → τres ≈ 8× 109 s (∼ 250 years ) (4.28)

We investigated whether ytterbium scattering persists in chilled substrates

by mounting the atom beam targets on a liquid nitrogen cold finger. Our cold finger

takes roughly three hours to equilibrate to around 100 K from room temperature. This

cooling period is long enough to take measurements at different surface temperatures.

For every temperature, we detected the presence of atom scattering by observing the

fluorescence spectrum of ytterbium. Like the iron spectrum, a broad background

138



0 2000
f(MHz)

0.0

0.5
V P

M
T(V

)

150K

0 2000
f(MHz)

200K

0 2000
f(MHz)

220K

0 2000
f(MHz)

290K

140 160 180 200 220 240 260 280 300
Substrate Temperature(K)

0.0

0.1

0.2

0.3

0.4

V P
M

T(V
)

Figure 4.12: Top: Yb fluorescence spectra from PDMS coated thickness monitor
crystal. Bottom: maximum intensity of scattered atom fluorescence.

indicates the presence of scattered atoms. Unlike iron, ytterbium has more than one

intense isotope peak in its spectrum. Thus, the background cannot be approximated

by a single Voigt function, as was done for the iron spectrum. This background fitting

makes the temperature estimation of the scattered ytterbium atoms non-trivial.

The top row of Fig. 4.12 shows spectra for ytterbium when the excitation

laser is aligned close to where the collimated atoms fall on a thickness monitor crys-

tal coated with a 10% PDMS solution. The y-axis is the PMT voltage without any

normalization. Like the iron spectrum, the sharp peaks are due to the collimated

incoming atoms, and the broad background is due to the scattered atoms. For refer-

ence, a spectrum when the substrate is removed from the path of incoming collimated

atoms is plotted with a purple dotted line. The intensity maximum of the background

is approximated by the local minima between the isotope peaks 173Yb (F′ = 7/2) and
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171Yb (F′ = 3/2). In the representative spectra for a few substrate temperatures

shown in the top row of Fig. 4.12, the background intensity maxima are marked with

dashed blue lines. The bottom row shows a plot of background intensity maxima

versus substrate temperature. The difference between the background intensity max-

ima and the value for the substrate-less spectrum is proportional to the number of

scattered atoms. The number of scattered atoms remains approximately unchanged

for substrate temperatures in the range 290 K to 210 K, as the corresponding spectral

backgrounds overlap, with similar background intensity maxima. Below 190 K, the

background begins to decrease, and spectra below 170 K overlap the substrate-less

spectrum. This trend is clearly seen in the background intensity maxima, where be-

low 170 K, the values are comparable to the background intensity maxima of the

substrate-less spectrum, shown with a red line. This suggests that below substrate

temperatures of 170 K, nearly all ytterbium atoms are being adsorbed on the PDMS

surface. This change in scattering from the PDMS surface may be attributable to

embrittlement below 200 K [383].

4.3 Numerical model

A simple numerical model provides a demonstration of an interesting poten-

tial application for the thermalized scattering behavior of atom beams incident on

polymer-coated surfaces. With carefully chosen geometry, a scattering surface placed

between a point source of hot atoms6 and a collimating aperture can produce a beam

of thermalized atoms with comparable Doppler width and flux to the hot beam that

would result from directly collimating the hot atoms. This provides a temperature

reduction at the minor cost of increased geometrical complexity for the collimation

setup. As mentioned in the preface to Chapter 4, barring the introduction of ultra-

low glass transition silane polymers, the practical limit of temperature reduction is

∼ 200 K, and this technique cannot be used as a true cold atom source. Neverthe-

6As from laser ablation, etc.
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less, this effect may have some scientific or technological applications, particularly in

trapped atom systems.

Consider a finite square scattering surface of side s and distance d from a rect-

angular slit of width w and length L. In practice, if the scattering surface dimensions

are comparable to the slit-square distance, a larger fraction of scattered particles pass

through the slit than from a point source at the same distance. Assume that only

those trajectories that intersect the slit opening are transmitted. When the scat-

terer extends above and below the slit’s vertical position, some parts of it ”see” the

slit at a non-zero polar angle. For a Lambertian point source, the angular distribu-

tion of atoms passing through the slit is sharply peaked near zero. For an extended

source, surface points lying off-axis view the slit under an angle α ≈ tan−1 (y0/d).

Those atoms’ mean velocity vectors are tilted by ±α. These small angular deviations

contribute an additional spread of line-of-sight velocities:

v∥ = vz cosα+ vy sinα. (4.29)

A distribution of α values adds an extra term to the variance:

σ2
v∥ = σ2

thermal + ⟨v⟩2Var(sinα), (4.30)

where ⟨v⟩ ≈
√
8kBT/(πm) is the mean speed. The second term is very small because

the allowed α is only a few degrees, but it does slightly broaden the Doppler distri-

bution. When s ≪ d, the “multi-angle” broadening is negligible, and the Doppler

width is essentially comparable to that from a point source.

In the numerical model, for purposes of comparison with the scattering case,

consider a collimating slit 1 mm wide, 10 mm long, and lying 10 mm above the

ablation point. With these parameters, the slit produces a collimated atomic beam

consisting of roughly 3.5% of the original flux, with a Doppler width of around 50

MHz . The surface is a square with its midpoint lying some distance above the point
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Figure 4.13: (a): Laser ablation and collimation by a slit. (b): Laser ablation
followed by scattering from a surface, with subsequent collimation by a slit placed
below the line of sight of the ablation point.

of ablation, which scatters atoms towards the collimating slit. This slit is placed

parallel to the scattering surface but away from the line of sight of the ablation point,

located on the edge of a step, or “cliff,” as shown in Fig. 4.13. The surface is angled

such that part of the scattered flux reaches the slit, which is below the level of the

step.

The flux from the ablation point is assumed to have a cosine distribution

with respect to the surface normal [354]. The atoms scattered from the surface

are further assumed to thermally equilibrate with the surface, and scatter at room

temperature. The scattering surface acts as a kind of extended source; since the

scattering is approximated as purely diffuse, each individual point on the surface

can be modeled as a Lambertian point source of flux, with a cosine distribution

relative to the surface normal. The behavior of the continuous extended source can

be approximated with a sufficiently dense grid of scattering points; this example uses

106 points. The flux from the ablation point to a point on the scattering surface, and

then the scattered fraction which passes through the slit is computed for each point
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on the scattering surface. The total flux and Doppler broadening through the slit is

the sum of the contributions from each of the 106 points on the scattering surface.

Because the scattering is Lambertian and has angular dependence, the solid angle

subtended by the slit for each surface point has to be individually computed, and the

flux accepted by the slit appropriately weighted by both the fraction of scattered flux

present in the solid angle, but also in the ablated flux intensity impinging on that

point. The fraction of the original ablated flux which ultimately passes through the

collimating slit can be computed by finding the fraction of the ablated flux which is

scattered by the surface, and then the fraction of this scattered flux passing through

the collimating slit.

For the scattering system, the scattering surface’s height above the ablation

point, its angle of tilt, and the dimensions of the surface all affect the Doppler broad-

ening and flux of atoms passing through the slit 7. If the surface is positioned close

to the ablation point, it is possible to achieve parity of flux, or even modest enhance-

ment, relative to the non-scattering case. This is because part of the ablated flux that

would otherwise be lost is scattered on a trajectory passing through the slit. Let us

choose the surface to be an 8 mm× 8 mm square, with its midpoint 4 mm above the

ablation point, and rotated nearly 45◦ with respect to the vertical. The angle of tilt

is set to expose as much as possible of the surface to the ablated flux, while ensuring

that every point on the surface has a line of sight to the collimating slit unobstructed

by the “cliff” edge. The collimating slit is located 10 mm away from the surface and

is parallel to it. The slit length is again 10 mm, but the width is chosen to be 1.2 mm,

to match the Doppler width of the slit-only case. For these parameters, the fraction

of total flux through the collimating slit is around 5.21%, with a Doppler width again

of 50 MHz , meaning that the collimated flux scattered from the surface is improved

relative to the case for a slit alone, but at room temperature rather than 1400 K ,

and with the same degree of Doppler broadening.

7See Fig. 4.13(b).
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Chapter 5: Future Directions

5.1 Push to 1-drop detection

As of the writing of this dissertation, we are on track to achieve one-drop

detection of iron isotopes using LIF spectroscopy in early 2026. Improved scanning

efficiency, including a novel LIF method, will be added in the coming Spring.

5.2 Ionization spectroscopy

Another intriguing possibility, and the obvious next frontier in sensitivity, is

the adaptation of laser ionization spectroscopy to biomedical isotope ratio analysis;

unlike LIF, which can only practically capture a limited fraction of the fluorescence

emitted into 4π steradians, laser ionization methods have an achievable single-atom

detection floor, but also have the isotopic selectivity of LIF.

5.3 Isotope separation

Separation of isotopes of medical interest, including iron, calcium and stron-

tium is being pursued through a variety of methods. Calcium and strontium should

see at least preliminary results in 2026; the initial investigation for iron will begin

shortly as well.

5.4 Isotope detection in other elements

Relatedly, the methods developed in this dissertation will be adapted to other

elements, such as calcium, zinc, and copper; the blood processing methods will need

to be evaluated for their applicability to urine and other biosamples.
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5.5 Scaleup of blood sample handling

As the LIF spectroscopy methods for ashed blood move closer to being final-

ized, methods for analyzing many samples at once will need to be developed. One

particular area of interest is how to produce a multi-sample holder that is inexpensive,

disposable, and durable enough to withstand the rigors of ashing and high vacuum.

As mentioned above, a vacuum load-lock system will be implemented to speed the

rotation of samples through the system.
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