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Advent of portable monochromatic x-ray lasers is eagerly awaited as it will enable a big step toward advances in
many technological applications, particularly for more precise treatment of cancer. X-rays are most widely used in
the medical field, especially for diagnostics and therapeutics (theranostics) of cancer. However, the current medical
x-ray sources are based on the old technology of x-ray tubes and lack in specificity in the emitted energy and produce
broadband bremsstrahlung radiation. In addition, very high energy x-ray photons in the MeV range from LINACs are
commonly used for irradiating the patient in order to obtain high intensity at sufficient tissue depth. This is highly
inefficient since the low-energy x-rays in the bremsstrahlung spectrum are absorbed without significant penetration
into the body, and thus cause burn, and the high energy x-rays pass through without much interaction with the
radiosensitizing agents, and thus break healthy tissues. Study using our proposed method ”Resonant Nano-Plasma
Theranostics” (RNPT) for cancer treatment shows that the most effective x-ray energy range for malignant cell
destruction, using high Z radio-sensitizing agents, lies within 100 keV energy region of the bremsstrahlung. Hence,
an appropriately tuned monoenergetic x-ray source of sufficient intensity falls under the proper energy range and is
highly desirable for theranostics. Through RNPT, we were also able to demonstrate production of monochromatic
x-rays from bremsstrahlung radiation of a x-ray source.

It is known that ultra intense laser solid interactions produce copious amounts of x-rays, both monoenergetic Kq
photons and a bremsstrahlung. Through couplings of the laser field and electron energy, the intense laser field initiates
multiple ionization of the the matter. The highly energetic electrons produce x-rays by ejecting other inner-shell
electrons and bremsstrahlung by colliding with the nuclei. If the monochromatic radiation can be maximized and is
made tunable to resonant photon absorption energies of the heavy nanoparticles in nanobiomedicine, a safest and
most effective treatment can be achieved.

RNPT predicts the resonant energies and corresponding x-ray emissions, particularly K, photons, from various
ionization states, such as from hydrogen to fluorine-like states, of high Z elements in radio-sensitizing agents. Such
studies have been carried out for a number of elements, such as, gold, platinum, lead, uranium etc. Interestingly the
Berkeley group has recently detected such emission of K, photons at resonant energies of various ionization states of
aluminum in warm dense plasma state using a x-ray free electron laser (XFEL). These issues are elaborated in regard
to RNPT.

Keywords: X-rays from high Z element, K, transitions, laser-matter interaction, x-ray resonant fluorescence; pho-
toinization; Cancer therapy and diagnostics

Cancer is a disease that is affecting people all over
the world. Only a fraction of its various types can be
cured. It is imperative to find ways to cure the dis-
ease. Most of the current treatments incur additional
side effects. Treatments such as chemotherapy causes
cytotoxicity and radiation therapy causes burn and
damage of tissues. A monochromatic x-ray laser can
play a crucial role for a more precise treatment for
diagnostics and therapy for cancer patients.

It has been found that x-rays along with
nanoparticle (NP) radiosensitizer embedded in a can-
cerous tumor yields more effective cure than irradi-
ation of x-rays alone. Heavy elements nanoparticles
can absorb or emit high energy x-rays and hence are
commonly implemented in radio-sensitizing agents.
For example, with gold NP, less radiation was needed
to kill the defective cells in mice experiment than

that in radiation therapy (e.g.,'). The 30 days ex-
periment showed that x-ray irradiation with AuNP
reduced 85% of the tumor volume. A monochromatic
x-ray source, created through a laser, should be more
effective since it can be matched to resonant absorp-
tion of the NPs and thus can give accurate doseme-
try.

2. Resonant Nano-Plasma Theranostics
(RNPT)

Our proposed method, Resonant Nano-Plasma
Theranostics,>® as described in Fig. 1, focuses on
monochromatic x-ray spectroscopy of nanoparticles
rather than broad band imaging and therapy. As
shown in Fig. 1, a cancerous tumor is embedded with
high Z (HZ) nanoparticles (NP). To avoid damage
of body tissues from irradiation, the NP should be
of elements heavier than the biogenic elements, such
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RNPT method where monochromatic x-rays are targeted at the resonant energy of the nanoparticles embedded in the

tumor. The aim is to initiate Auger cascades following K-shell ionization of the high z element in the nanoparticles

as, H, O, C, K, Fe etc, such that the high energy X-
rays interact with only with them. The figure shows a
monochromatic X-ray source is directed to the tumor
for inner shell, mainly K-shell, ionization of the NPs.
The x-ray energy is tuned to the resonant energy of
the HZ element for maximum absorption. The pur-
pose is initiate fluorescent emission and ejection of
electrons that can create in vitro a nano-plasma. The
ejected electrons which are at ~keV energy range can
have penetration depth of nm range. These will at-
tach and breakup the DNAs of the surrounding ma-
lignant cells. The fluorescent emission can be used
for imaging. Hence, both the electrons and photons
are used for the therapy and diagnostics or thera-
nostics. Hence spectroscopically targeted resonant x-
rays, produced by an intense laser, should reduce the
exposure by precise energies and be far more efficient
in cell destruction and cure. At low intensity the x-
ray source can produce high quality narrow band K,
imaging. and at high intensities may cause more cell
destruction.

3. X-ray Interaction with Elements

The two radiative processes that occur due to x-ray
absorption by an element are photoexcitation (in-
verse is de-excitation) and photoionization (inverse
is electron-ion recombination). In photoexcitation an

electron is excited to a higher energy level,
Xt 4 hy — XT#*

but remains bound with the ion. The asterisk (*)
denotes an excited state. Its strength is determined
by the oscillator strength (f). The atomic parameter
for de-excitation is the radiative decay rate or Ein-
steins A-coefficient. In photoionization an electron is
energetic enough to be free, that is, go to continuum:

X+ hy — X 4 ¢

This direct ionization gives the background feature
of the process. Photoionization can also occur via
an intermediate doubly excited autoionizing state as
described below where an electron collides with an
ion and forms a doubly excited (double asterisks)
autoionizing state.

+z . F+z—1\*%x __ 6+X+Z AI

et X=X = {X+Z—1+huDR
The autoionizing state leads either to autoionization
(AI) when the electron goes free or dielectronic re-
combination (DR) when a photon is emitted as the
electron combines with the ion. The inverse of DR is
photoionization. The photoionization cross section is
designated by opy. This two-step process introduces
a resonance in the cross section.

The oscillator strengths and photoionization
cross sections can be obtained from the generalized
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line strengths as (e.g.%),
2

N
S = <\1:f|2rj|x1:i> . (1)

where ¥; and U are the initial final state wave func-
tions. For oscillator strengths (fi;), the final wave
function is bound while for photoionization cross sec-
tions (opr), it is a continuum. f;;, opr and the mass
attenuation coefficients x can be obtained from gen-
eralized line strength as

Ej B
fi»:[ ”} S, Aji(sec™t) =10.8032 x 10°-L | S,
’ 39; ! 39,
dn%a2a E;;
K = o Yg
opr(Ka,v) 3 Pkl
opr(v; Ka)

where u is 1 amu=1.66054e-24 g and W4 is atomic
weight.

4. Auger Process Through
Photoionization

X-rays with energies higher than K-shell ionization
energy of the HZ element in the nanoparticle can
photoionize element with creation of a hole in the
1s shell. As shown in Fig. 2, the hole is filled up by
dropping of a L-shell electron when the excess energy
of the electron is emitted as a photon. This filling of
inner-shell hole with emission of a photon is known
as the Auger process. The emitted photon can knock
out another L-shell e~ and can ultimately create two
holes in L-shell. The two vacancies in the L-shell are
to be filled by two M-shell e~s. The process can lead
to cascade of electron and photon emissions as mul-
tiple vacancies move upward. The cascade effect is
referred to as Coster-Kronig or Super-Coster-Kronig
cascade (e.g.9). Hence a single ionization of 1s elec-
tron can lead to ejection of 20 or more electrons in
an ion with occupied O and P shells.

The number of electron emissions depends on
the radiative decay rates or Einstein’s A-coefficients
as well and hence there may be more of one ioniza-
tion state than the others. Typically K-L transitions
(K, transitions) have the highest probabilities or A-
values and show as high peak resonances in the pho-
toionization cross sections. An external source with
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energy equal to K-L transition can be introduced to
compete with the downward decays. Then the res-
onant excitation from the K-shell into electron va-
cancies in higher L-shell can result in considerable
increment in ejection of electrons. For any two-level
system i < j and transition frequency v and radia-
tion field density p;;(v), the incident photon flux ®
at the resonant energy of K« should be greater than
the critical flux,?

(0] (VKa) = - . (3)

9Kk Bka

where n;(S;L;J; refers to specific fine structure lev-
els of an n-shell, e.g. 2(S;L;J;) refers to the L-shell
levels.

5. Photoionization and Dose Deposition
of Pt

Photoionization shows characteristic features when
the photon energy reaches that of a shell threshold.
The cross section opy is enhanced at the ionization
threshold as seen in Fig. 3. The figure shows rises in
photoionization of platinum nanoparticles (PtNP) at
M-, L- and K-shell ionization. The rise at K-shell ion-
ization edge is at about ~ 78 keV. As discussed ear-
lier, the values of photoionization and photoabsorp-
tion coefficient are the same except for a constant.
K-shell ionization of high Z nanoparticles have been
the focus for enhancement of electron ejections, but
without success. The reason is the low cross sections
K-edge compared to that at lower energy. RNPT pre-
dicts resonant energy for platium at about 65-69 keV,
below the K-edge, where probability of electron pro-
duction is orders of magnitude higher than that at
K-edge, shown in red in Fig. 3.7 These resonances
were computed separately and added to the back-
ground cross section.

Dose Enhancement Factor (DEF) is a impor-
tant quantity in radiation therapy that gives a mea-
sure of radiation absorption in tissues for treatment
with and without a radiosensitizing reagent. Fig. 4
presents Monte Carlo simulation of radiation dose
deposition in tissues for x-ray absorption at three dif-
ferent energies, 100 keV, 170 keV, 6 MeV from three
broadband X-ray sources.® The 1st peak(~40 keV)
in all three curvres is due to L-shell ionization, 2nd
peak (~ 80 keV) is due to K-shell ionization. Beyond
K-edge, DEF decreases as there is no other thresh-
old beyond it. The figure shows that DEF is con-
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Fig. 3. Photoionization absorption coefficient x of neutral

platinum. The background cross section shows rises at M-, L-,
K-shell thresholds. The energy and peaks of resonances due
to inner K-shell excitations are shown in red.”

stant beyond 250 keV (inset, bottom panel) where
the radiation is largely Compton scattered. In this
simulation, the resonant effects were not considered.
At about 100 keV X-rays are efficient in achieving
the required DEF. Reason for exploring a keV range

Electron Vacancies
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i) Auger process, ii) Koster-Kronig cascade, iii) inverse of Auger process
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X-ray source is to find high intensity laser produced
plasma.
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Fig. 4. The radiation dose deposition in tissues for x-ray ab-

sorption at three different energies, 100, 170, and 6 MeV from
three x-ray sources.

We studied X-ray absorptions and intensities of
emitted photons and electrons by Auger process in



July 28, 2012 0:14

tissues using k values of gold NP including the res-
onances in Monte Carlo simulation.” The K, reso-
nances of AuNp lie around 68 keV. We found that
at lower concentration of AuNP contrast agent, the
DEF to be an order of magnitude greater at gold Ka
resonant energy than those at K-shell ionization en-
ergy at 82 keV and at 2 MeV, the peak voltage of
a linear accelerator or LINAC energy of 6 MeV. It
may be noted that K-shell ionization energy of all
elements are within 100 keV. Hence these findings
show that most of x-ray photons generated at the
x-ray sources are ineffective for the treatment.

6. X-Rar Sources in Medical Facilities

As mentioned above, most of the x-ray sources in
medical
facilities produce broadband bremsstrahlung radia-
tion. The energy range of a typical bremsstrahlung
of an element varies from 0 to the peak voltage of
the machine. Fig. 5 shows a typical x-ray set-up in
medical facilities and the inset gives a schematic di-
agram for radiation production. A beam of electrons
is accelerated across the voltage difference AV be-
tween the cathode and the anode, strikes a high-Z
target (e.g. tungsten W with Z=74), produces the
bremsstrahlung as they decelerate. Among the typi-
cal x-ray sources, the high energy linear accelerators
or LINACs produce the peak energy ranging from 6
MeV to 10-15 MVp, and the lower energy machines
such as CATScanners produce the peak energy going
up to 100-250 KVp

The top panel of Fig. 6 shows bremsstrahlung of
tungsten (squares) from a 100 V machine. The low
energy x-rays are filtered out as they cause harm to
tissues. The panel shows the filtering by commonly
used aluminum filter (dotted). Hence the resultant
radiation curve shows a broad feature with a maxi-
mum at ~1/3 of the kVP or MVp. The bottom panel
shows bremsstrahlung of a 6 MeVp LINAC where
the low energy x-rays have been filtered out. Only a
fraction, around the peak region in the lower energy
below 250keV, of the bremsstrahlung is absorbed for
effective theramostics.

7. X-Rays From Ultra Intense Laser
Matter Interaction

It is known that the strong fields of ultra intense
short pulse (101719 W/cm?) laser can cause instant
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Fig. 5. Typical x-ray machine in a medical facility. The inset

shows diagram of production of x-rays

multiple ionization of atoms in a solid placed in
the laser focus. Ionization is initiated in all forms
of matter above 10'* W/cm? intensity with typical
laser wave length of 1 pm via multi-photon absorp-
tions and then tunnel ionization process. Single pho-
ton ionization of materials requires the interaction of
photons with energy at and beyond the binding en-
ergy of the electron. However, in a high photon den-
sity field, a bound electron absorbs multiple lower
energy photons to overcome its potential well and
ionize. Hence with high laser electric field, the pho-
ton energy becomes largely irrelevant.

The ionization occurs through electric field strip-
ping of the individual atoms electrons in the mate-
rial. This mechanism has been experimentally ver-
ified up to 102 Wem™2. The ejected electrons are
highly energetic. For example, at intensity of 106
W /cm?, the electrons can reach an energy of sev-
eral keV. These electrons collide with the matter at
near light speed within a fraction of an optical cy-
cle. The interaction among the electrons and light
field coupled together to create a state of matter
called High Energy Density (HED) plasma (density
10*2713) for typical focal spot of a few micron diam-
eter. The highly complex behavior of such plasma
gives rise to many fascinating phenomena like GeV
electron acceleration, MeV ion acceleration and nu-
clear fusion. However, it also produces a characteris-
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L % i pability of reliably reaching the intensity by an Ultra
| "\.S,\ i Intense Laser and effort to maintain the prepulse to
L e . main pulse contrast and the spatio temporal shape
L e 1 over a period of experimental effort. The OSU team
- - . . has already achieved such laser system with multi-

Intensity (arbitrary)

- i e 8 ple repetition rate (from kHz -10 Hz to single shot),
- - s, 1 intensity range (10'2° W/cm?) and pulse contrast
I e ] (10719:1) ratio. The development of such an ultra-

% intense laser initiated x-ray (ULIX) source will re-
quire careful optimization of Laser plasma interac-

1200 ; ; ; : . tion (LPI) parameter space.

It has been reported that x-ray energies could be

up to MeV in bremsstrahlung from laser plasma elec-
015—17

10001
trons in high 7 targets and at laser intensities 1

W/cm2, and increase in x-ray yield with laser matter
interaction with sub-wavelength scale structures on
target surfaces. Park et al (2004° showed that laser
energy to Ag K, conversion efficiency up to 0.01%
at laser intensity of 10'® or higher. Fig. 7 presents
x-ray conversion efficiencies from some ultra intense
laser systems. It was found that laser energy absorp-
tion can be increased up to ~95% at low intensity
by changing target surface morphology.
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Fig. 6. Bremsstrahlung from, a 100 keV (top panel) X-ray
source and a 6 Mev LINAC (bottom) with a peak around 35
keV and 300 keV, respectively, after filtering out the lower '-3;; 10° b J
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bremsstrahlung is produced as the energetic elec- o i i i
trons collide with the nuclei. An important fact of L L A
these radiation is that the K, emission is isotropic, Laser Intensity (Wicm”)

whereas the bremsstrahlung emission is strongly
peaked in a cone around the laser k axis (due to
MeV electron forward motion).

OSU (Ohio State University) Project is a pro-
posed plan that aims to maximize the K, emission
and minimize bremmstrahlung emission to create a
next generation mono-chromatic x-ray source for bio-

Fig. 7. Absolute conversion efficient vs laser intensity.”

8. Production of Monochromatic X-rays

medical radiography, imaging and potential cancer Under RNPT study, it has been shown that
treatment application. One major issue involves ca- monochromatic x-rays can be produced from



July 28, 2012 0:14

bremsstrahlug radiation.® Bremsstrahlung from a

100 keV x-ray source was directed to a Zr-plate posi-
tioned at a particular angle. Inner K-shell ionization
in the target followed by radiative decays by upper
shell e~ s led to X-ray fluorescence at monochromatic
energies, as seen in Fig. 8. The top panel of Fig. 8
shows the Zr K,, line and a lower peak Kg line above
the scattered background; the isolated features after
subtracting the background noise are shown in the
bottom panel. It may be assumed, to a good approx-
imation, that each K-shell ionization leads to the pro-
duction of a K, photon. The K, fluorescence yield
may be expressed as

AT(L — K)
AL~ K) + A(L)’

(4)

WK =

where A, and A, are the radiative and autoioniza-
tion decay rates respectively. The intensity of the
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Fig. 8. Production of K, X-rays from Zr using 100 keV
bremsstrahlung”

monochromatic energy produced can be estimated
from
E(kVp)
106) ~NX) [ fuow(E)E

E>Ex
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where fp is the bremsstrahlung distribution func-
tion, N(X) is the number density, and ok is K-shell
photoionization cross section. For Zr the efficiency of
conversion found to be ~ 2%.

The K, fluorescence in general produces weaker
beam intensity. However, for high-Z elements the flu-
orescence yield, wg > 0.95. Hence all photons from
the Bremsstrahlung source above the K-shell ioniza-
tion energy, with E > FEg, may be converted into
monochromatic K, radiation with high efficiency.

9. Resonant K, Emission From Hot
Dense Al Plasma Using LCLS

The x-ray producing lasers are mainly the free elec-
tron lasers. They can be varied for x-ray energies
by varying the voltage. These are expensive and
large for medical facilities. However, x-ray free elec-
tron lasers (XFEL) produces monochromatic radi-
ation and of these, the linear coherent light source
(LCLS) can produce high intensity radiation.

One main part of RNPT method is to determine
the location and use of the K, resonant photoioniza-
tion leading to enhanced fluorescence and electron
emissions (e.g. for gold®!?). In recent experiments,
such resonant fluorescence were detected for neon
and aluminum using XFEL at SLAC (Stanford Lin-
ear Accelerator). Vinko et al at Berekely!'! created
hot, over a million K, dense aluminum (~ 100 eV,
solid density) isochorically heated using an intense 80
fs x-ray pulse (107 W/cm?) from soft x-ray LCLS.
The photon energy was in the range of 1.56-1.83 keV,
above the K-edge of Al. Due to a long penetration
depth of x-ray, a bulk of hot dense matter with well
defined temperature and density was possible to be
created.

With FEL photon energy above the K-edge, the
photoionization of a core electron is followed by the
Auger decay and initiates the major ionization pro-
cess at the beginning of the interaction. However, as
temperature increases the collision dominates the dy-
namics and determines the charge state distribution
of the hot dense matter. Vinko et al. found that when
the FEL photon energy was below the K-end and set
to K-L transitions, the multiphoton ionization chan-
nel was unveiled and the 1s-2p resonance was driven.
They measured enhanced fluorescence at different
energies of the various ionization states of Al. Such
fluorescence occur due to resonant photoionization or
the photoabsorption coefficient of various ionization
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states of Al as shown theoretically in Fig. 9.'2 The
figure shows enhancement in photoionization at res-
onant positions, marked by arrows, of various ioniza-
tion states of Al. Vinke et al. also observed increased
K, fluorescence with higher ionization states as the
theory predicts in Fig. 9. The background & (in blue)
is also shown in the figure. It shows an enhanced ion-
ization at K-shell ionization threshold of Al. This K-
shell threshold energy varies with various ionization
states, such as, from 1.56 keV of neutral Al to 2.304
keV of hydrogen like Al. Vinko et al reported that
modifications of emission line shape in their model
indicated that the x-ray driven resonant transition
of inner shell electron modified the radiative and the
Auger decay processes.!?

106: T T { T T T T { T T T T { T T T T B
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Fig. 9. Resonant K|a absorption coefficients of various ion-
ization states of aluminum, from Al** to AI''*. The back-
ground (blue) shows an enhancement at K-shell ionization,
however, but much lower than the resonant peaks. Vinko et
al.!! measured enhanced fluorescence at these resonant ener-
gies of Al

10. X-Ray Lasers

Althogh LCLS is capable of high intensity coher-
ent x-rays, there are some limitations for their us-
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age at medical facilities in addition to cost and size
of the set-up. The intensity (e.g. 1017719 W /cm?) of
a LCLS is much higher than that needed for use in
vivo nanoparticles breakdown in tissues. The energy
of the emitted x-rays can be varied by varying the
energies of the accelerator voltage, but it is limited
to photon energies up to 8 keV at SLAC and higher
at ALS at Argonne National Lab. However for high
7 elements of interest require much higher energy
X-Tays.

A possible solution for production of monochro-
matic x-rays of range up to 100 keV perhaps be
of accelerator-laser produced x-rays. In this set-
up, whose technology was developed over a decade
ago, the electron beam of an accelerator is collided
by infra-red laser photons positioned at right an-
gle. Through inverse Compton scattering, the pho-
tons gain energies from the electrons and produce
monochromatic x-rays along the electron beam di-
rection. The x-ray energy can be raised near 100
keV needed for all practical purposes of theranosties.
However, due to Thompson scattering of a photon
with a free electron, the cross section is small and
hence the intensity could be low. Investigations are
in progress in various laboratories for technologies to
attain the proper monochromatic x-ray source.

11. Conclusion

RNPT method for cancer treatment and the needed
x-ray lasers for monochromatic radiation tuned to
resonant energies of radiological sensitizing agents
are presented. One important aspect of observing,
using x-ray electron laser LCSL, the enhancement
of fluorescence at K-L resonant energies of various
ionization states of Al as predicted by RNPT is illus-
trated. The need for laser technologies for the needed
x-rays at medical facilities is discussed. Development
of various components of RNPT is in progress.
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