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Abstract

Anarrowspectralrangebetween2.3nmand4.4nmwavelengths,theso-called‘waterwfindow’
(WW),provfidesaunfiqueopportunfityfortfime-resolvedfimagfingofprotefinsfinthefirnatural
envfironment,aswaterfissemfi-transparent,whfilecarbonfismostlyopaqueatthesewavelengths.
InthfisworkwearepresentfingexperfimentaldevelopmentstowardhfighlasergafinfinCVfionsat
4.03nm,finatable-topdevfice,anddfiscusspossfibleapplficatfionofsuchanx-raylaserto
hfigh-resolutfionmficroscopy,aswellasgeneratfionofattosecondpulses.

Keywords:x-raylaser,waterwfindow,ultrafastoptfics,strong-fieldphysfics

(Somefiguresmayappearfincolouronlyfintheonlfinejournal)

1.Introductfion

Overthepasthalfcenturyasfignfificantnumberofx-raylaser
(XRL)schemeshavebeenproposedandanalyzedfinvolvfing,
forexample:finnershellexcfitatfion[1,2],chargeexchange[3],
collfisfionexcfitatfion[4,5],fionfizatfionandveryfastrecombfin-
atfion[6],lasfingwfithoutfinversfion[7–9],andx-rayFreeElec-
tronLaser(X-FEL)[10–12].HfighpulseenergyoftheX-FEL,
andwavelengthhscannablefrom0.15nmthroughthe‘water
wfindow’(2.3–4.4nm)andlongerwavelengths,makefitavery
versatfilesystem.Thereby,despfitetheverylargesfize(∼kmfin
length),hugecosttobufild(∼1.6B$)andtooperate(many
M$yr−1),theX-FELyefildsresultsthatjustfifybufildfingsuch
alarge-scaleexpensfivefinstrument[12].
Inthemeantfime,severalofthecompactXRLschemeshave

beenalreadyexperfimentallyrealfized.Forexample,XRLs

∗
Authortowhomanycorrespondenceshouldbeaddressed.

OrfigfinalContentfromthfisworkmaybeusedunderthe
termsoftheCreatfiveCommonsAttrfibutfion3.0lficence.Any

furtherdfistrfibutfionofthfisworkmustmafintafinattrfibutfiontotheauthor(s)and
thetfitleofthework,journalcfitatfionandDOI.

havebeendemonstratedusfing:collfisfionalexcfitatfionschemes
[13,14]aswellasrecombfinatfionschemes[15–18],finwhfich
fionfizatfionfisfollowedbyveryfastrecombfinatfion.Achfievfing
gafinusfingtherecombfinatfionschemefishfighlydesfirablefin
thepursufitofXRLsduetorequfirfingrelatfivelylowpumpfing
pulseenergy.Thfis,combfinedwfiththehfighquantumefficfiency
achfievedbyusfingthetransfitfiontothegroundstate,makesthe
creatfionofapractficaltabletopXRLfintheWWaveryattract-
fivegoal.Moreover,duetotherobustnessoftheXRLfitcan
beusedalsobygraduatestudents,especfiallyforexperfiments
wfithlfiveorganfismsfinwater,whfileaccesstotheX-FELfisvery
restrficted.
Herewepresenthfighgafinx-rayamplfificatfionresultsfinHe-

lfikeCVfionsfincomparfisonwfithH-lfikeLIIIfions;bothare
basedonarapfid-recombfinatfionplasma[6,15–17].Forthfis
earlfierlaseractfionfinvolvfingthetransfitfiontoagroundstatethe
powerfulsub-pficosecondpumpfing(PSP)KrFlaserwasoper-
atedatapulsefintensfityof∼3×1017Wcm−2,whfichfisclose
tothefintensfitynecessaryforhfighgafingeneratfionfinLfiIII(for
n=2ton=1transfitfions).Theplasmawascreatedbyfirradfi-
atfionofaLfiFmficrocapfillarywfith0.1J,Nd-glasslaserorby
firradfiatfionofaLfiFslabwfitha1J,12nsecNd-glasslaser[16].
Thelaserswerefocusedontheentranceofamficrocapfillaryor
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on a slab with various line-focus lengths. Measuring intensity
vs. length, for the LiIII(2→1) emission, yielded the gain value.

However, generating XRL pulses at CV 4.03 nm (i.e. in
the ‘water window’) requires two orders of magnitude higher
pumping intensities than for LiIII, and one order of magnitude
higher plasma densities. Reaching such conditions for high
gain is a difficult task. It turns out that an even more diffi-
cult task is to create a sufficiently long and reasonably uniform
plasma waveguide (‘plasma channel’) to obtain the necessary
gain-length product GL ⩾ 12 for the XRL pulses to approach
the saturated regime of amplification.

In order to increase the length of the high gain region,
we have developed a technique for creating the plasma chan-
nel, making propagation of ultra-intense and ultra-short pulses
with relatively high pulse energy transmission possible. Here
we report our results on the channeling in CV at 4.03 nm in
comparison with our results on using channeling for the devel-
opment of a 13.5 nm laser in H-like LiIII ions [6, 15–18].

Aside from the quest for ever shorter wavelength lasers, a
major motivation for the present work is developing an XRL
as the source of radiation for high resolution x-ray micro-
scopy, allowing us to obtain images of live cells in their natural
environment.

In the next section we explain the physics behind the He-
like CV XRL at 4.03 nm and present our experimental data. In
sections that follow, we discuss extensions of the laser scheme
as well as its application to the study of living cells and pos-
sibility to generate attosecond pulses.

2. The experimental set up for the CV (21P—11S)
transition laser

XRL schemes based on transitions to the ground state (here
n = 2 to n = 1 transitions), characterized by short las-
ing wavelength and high quantum efficiency, are particularly
attractive. For these schemes the WW lasing is attainable for
CV and CVI ions using pump lasers with relatively low energy
but high intensity, allowing high repetition rates. Our com-
puter simulations have shown the feasibility of achieving high
gain with the transient recombination scheme with peak pump
intensity of 2 × 1018 W cm−2 and pulse duration ∼100 fsec
for He-like CV ions and of 6 × 1018 W cm−2 for H-like CVI
ions [19] in the experimental setup illustrated in figure 1.

Electrons in the high-energy tail of the distribution func-
tion, due to their small electron-ion interaction cross section,
quickly escape the narrow plasma channel without particip-
ating in the recombination processes. After a short time, on
the order of a few psec, the bulk of the electrons in the plasma
channel ‘decay’ to a Maxwellian electron distribution in about
15–20 psec with a peak energy at about 250–300 eV. Such
electron energies are too high for effective three-body recom-
bination process. Therefore, very short and intense laser pulses
are required in order to create a high density plasma with
fully ionized carbon ions with a highly non-Maxwellian elec-
tron energy distribution. The optical field ionization (OFI)
processes such as tunneling and multiphoton ionizations are

capable of providing suitable conditions for generating a gain
in H-like ions [2, 6, 19].

In the case of transition to the ground state (n = 1) from
the excited state (n = 2) in CVI at 3.374 nm the amplifica-
tion should occur in an exceptionally short time due to rapid
population of the n = 1 state. Such rapid population of the
CVI ground level in a high density plasma would lead to rapid
3-body recombination of ground state of CVI to highly excited
states of CV ions, creating population inversion during the still
non-Maxwellian electron energy distribution, leading to the
gain generation in the 2→1 transition of singlet CV at 4.03 nm.

Electron densities have to be high (ranging from 1017 to
1020 cm−3 depending on the atomic number Z) and require
ultra-short ionizing pulses of high intensity in order to create
a population inversion between excited states and the ground
state.

The OFI, due to short pumping pulses, does not create sig-
nificant plasma heating. The main source of plasma heating
during the OFI process is above-threshold ionization (ATI)
heating. This heating arises from the variation in the oscilla-
tion phase between the free electrons (resulting from the ion-
ization of atoms and ions) and the phase of the laser electric
field. The average residual energy is proportional to the cycle-
averaged quiver energy of the free electrons in the laser field
Eq = (e E λ /2π me)2, where e is the electron charge, E is the
laser peak electric field, me is the electron mass, c is the speed
of light, and λ is the wavelength of the pump laser beam.

Because three-body recombination rates are proportional to
the square of the electron density, Ne

2, and the main quantum
number n to power 4, n4, the transitions from fully ionized
carbon C6+ to H-like CVI (C5+) occur primarily to the states
with high n, while collisional and radiative transitions to level
n = 2 are faster than to ground level n = 1. This creates a
population inversion between excited states with n ⩾ 2 and
ground state, n = 1. Currently, we are interested primarily in
the transition between n = 2 and n = 1.

In order to minimize plasma heating, the pump pulses have
to be ultrashort due to the exceptionally short radiative lifetime
τ of the first excited levels of higher Z ions, since τ decreases
as 1/Z4, where Z is the atomic number of the ions, has to be
shorter than the radiative decay time and the collisional decay
time at high Ne. Computer simulation has shown that the gain
can be enhanced and also become less stringently dependent
on exactly matching the required experimental parameters if
hydrogen gas is added into the carbon plasma, as the ioniz-
ation potential of hydrogen is much lower than highly ion-
ized carbon ions. Therefore, introducing free electrons into the
plasma by ionization of hydrogen atoms is an efficient process
to increase rate of 3-body recombination of C5+ to C4+ and
C4+ to C3+ hence to increase gains for CVI and CV ions.

Although the experiment in LiIII has shown good prom-
ise for our approach for the development of the XRL operat-
ing in the WW, the computer modeling for the case of higher
Z ions (in particular CVI) indicates a need not only for a
pump laser pulse intensity 100 times higher than that used
for the LiIII ions but also for a much higher plasma dens-
ity. Achieving such conditions has proven a difficult task.
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Figure 1. Schematic of the low pressure chamber where the ultraintense fsec IR laser pulses are propagating and generating XRL gain. The
target gas jet, produced by a 1 mm nozzle, is located in the very center. The plasma channel is created using an off-axis parabolic mirror
(OAP), pinholes (Ph1, Ph2), mirrors (M), lenses (L1, L2) and diagnostics for monitoring reproducibility and quality of plasma channel
include: x-ray spectrometer, CCD detectors (CCD1, CCD2, CCD3), prism (P), beam polarizer (BP) and beam splitter (BS).

Namely, the main technical difficulty is in creating a longer
plasma channel (a waveguide for the propagation of the high
intensity femtosecond pulses of pump laser) without a sub-
stantial decrease of the gain along the direction of the pulse
propagation.

Initially, to prove experimentally the concept of generating
high gain in H-like ions in transitions to the ground states, we
conducted an experiment with LiIII (Li2+) ions [15]. It was
easier to conduct such an experiment because it requires much
lower pump laser intensity than in the case of CVI ions. The
experiment demonstrated high gain in the LiIII(2→1) trans-
ition at 13.5 nm and large intensity amplification.

While optimizing plasma and pumping laser parameters to
obtain an intense CVI spectrum in theWWand to achieve pop-
ulation inversion for the required transitions, we also found
that CV lines have high intensity, especially for the singlet
2p-1s transition at 4.03 nm.

3. The experimental results

Figure 2 shows the CV and CVI spectra in the wavelength
range of 2.8–4.1 nm within the WW. The spectra are meas-
ured in the 2nd diffraction order, to obtain higher resol-
ution. The spectra were obtained using a grazing incid-
ence flat-field spectrometer having a diffraction grating of
1200 grooves mm−1 and equipped with a 1024 × 1024 CCD

camera. In most of our experiments, we used pulse intensities
of (1–2) × 1018 W cm−2. The plasma was created in short
pulses of jet gas mixture consisting of 20% C2H6 and 80% H2.
The neutral gas density and the plasma density above the
jet’s nozzle slit were simultaneously monitored during these
experiments.

Of special interest is the comparison of the two CV spec-
tra in figure 2: one spectrum is obtained in plasma with
‘channeling’ (part (d)), and the other spectrum is acquired
without ‘channeling’ (part (c)).

The ‘plasma channel’, which is the plasma waveguide, has
to be sufficiently long and uniform in order to enable the deliv-
ery of ultra-intense laser pulses to the x-ray lasing region.
For example, generating high gain in He-like CV at 4.03 nm
requires two orders of magnitude higher pumping intensities
than for LiIII, and one order of magnitude higher plasma dens-
ities [6, 7]. Achieving such conditions experimentally was a
rather difficult task, especially since our goal was to use a
low laser energy to build a compact system, which implied
producing a very small waveguide diameter. For example, the
plasma waveguide FWHM diameter in figure 2(d) was 7 µm
in order to reach single pulse intensity of 1× 1018 W cm−2 in
∼0.5 mm long channel for 150 mJ, 100 fsec pumping laser
pulses. We attribute the experimentally observed gain and
lasing, at peak intensities somewhat below the ones used in
our simulations, to the improved ‘channeling’.
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Figure 2. Spectra of CVI and CV in the 2.8–4.1 nm range, in 2nd order diffraction: (a) carbon spectrum obtained with fsec beam of
2 × 1018 W cm−2 peak intensity without plasma channel. The pulse energy was 150 mJ, the gas jet mixture was 20% of C2H6 and 80% of
H2 at pressure of 14 psi above surrounding atmospheric pressure (∼1 atm) and at room temperature (∼68 F), which were the same for
presented measurements here. (b) Carbon spectrum obtained with plasma channel using 1/2 of peak intensity of fsec beam
(1 × 1018 W cm−2) in ∼0.5 mm long plasma channel; energies of channeling and fsec pulses were 150 mJ each. The lower beam intensity
was sufficient in the case of the pre-formed plasma channel. The initial channel width, and the smallest laser spot size (FWHM), were both
measured at ∼7 µm. (c) Interferogram of the plasma (without channeling), in which 100 fsec, 150 mJ laser pulses have been propagated.
(d) Interferogram of the plasma (with channeling), in which 100 fsec, 150 mJ laser pulses have been propagated. The preformed plasma
channel was created by axicon line focus of 200 psec, 150 mJ laser pulses. The delay time between fsec and psec pulses was 1.2 nsec, the
gas jet mixture and it pressure were the same as in other measurements. Scale bars correspond to 0.2 mm length in (c) and (d).

The interferogram of the plasma created by a single high-
intensity 100 fsec, 150 mJ pulse was taken immediately after
the pulse passed through the jet. The second interferogram
was obtaneined for plasma created by a similar 100 fsec pulse
propagating through a pre-formed plasma region, with an
additional 200 psec pre-pulse producing an improved wave-
guide. The 200 psec pulse also had 150 mJ of energy and
arrived at the gas target 1.2 nsec prior to the arrival of the
100 fsec pump pulse. The gas target used in this dataset was
the same as in the spectrum without plasma channel. The pre-
formed plasma waveguide effectively confined the propaga-
tion of the 100 fsec ultraintense pulse, maintaining its high
intensity over a distance Leff ≈ 0.5 mm and creating a signi-
ficant effect on the intensity of the CV(2→1) line as shown in
figure 2(b).

The most common method of obtaining gain, which has
been used for the LiIII 13.5 nm line [16] is from exponen-
tial increase lasing line intensity versus length of channel. But
it was not applicable for gain measurements in CV 4.03 nm
due to very short plasma channel. The gain in He-like CV has
been estimated by two methods, described earlier in [6]. The
first method was based on comparison of lasing line intensity
at the output of the channel with its intensity without channel-
ing, but with the same laser and plasma parameters (including
the plasma depth, as well). For implementation of this tech-
nique a line CV(3→1) has been used as an additional reference
line for checking plasma and laser consistency during lasing
and non-lasing experiments.

The second method was based on simulations, calculat-
ing intensities of singlet CV(2→1) and CV(3→1) lines for
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experimental laser and plasma parameters and their com-
parison with simulations for LiIII(2→1) at 13.5 nm and
LiIII(3→1) at 11.4 nm. The latter ones were used as bench-
marks due to their very good agreement with experimental
values. Both methods revealed the presence of gain as high
as ∼40 cm−1.

This magnitude of gain is consistent with the computer
simulations, although since the plasma conditions in the
experiments are not know precisely the computer simulations
provide only a gain estimate.

4. Applications of the XRL in the WW to high
resolution microscopy of live cells and generation
of a train of sub-fsec/auttosecond pulses

Very high XRL gain at 4.03 nm opens the path toward applic-
ations to high resolution microscopy of living cells in a thin
layer of water in the x-ray range between Oxygen and Carbon
Kα edges of 2.3 nm and 4.4 nm, respectively. This WW is
the optimal region for high resolution imaging microscopy of
live cells, where contrast is high and resolution is very good.
Better resolution is possible to obtain at shorter wavelength,
however due to much worse contrast at such wavelength the
overall imaging quality would be lower.

Most of what is known about high resolution images
for studying the internal structure of cells has been learned
through electron microscopy. This knowledge rests on the
premise that the procedures necessary to prepare a speci-
men for the electron microscopy do not significantly influ-
ence the structural form and the fine details of the observed
high-resolution structures. However, there is doubt about the
fidelity of the images of such prepared cells in comparison
to the images of the original live cells. Because the cell
has to be fixed, stained with heavy metals and sectioned
to obtain high-resolution images with the electron micro-
scope, fidelity is quite low despite the high resolution of the
microscope.

The x-ray microscopy in the WW offers a new way to look
at unaltered cells in their natural state. The absorption edges
in the x-ray spectra of naturally occurring cell constituents
provide sharp contrast without the addition of heavy metals
to the cell as in the case of electron microscopy.

Biologists have long sought to observe the structure and
function of living cells at high resolution. The short, nano-
second and sub-nanosecond pulses of soft XRLs in the WW
enable imaging of cells that are alive the instant before a flash
exposure to soft x-rays. The necessary radiation dose levels
make it probable that the cells will not survive the exposure,
but exposures of different cells shouldmake it possible to piece
together new information about dynamic processes in cells,
through a version of pump-probe experiments.

This work began at Princeton by using our first recombina-
tion XRL at 18.2 nm, pumped by 300 J CO2 laser (system 1),
followed by the second laser pumped by a significantly smal-
ler, very intense KrF excimer laser (system 2). XRLs pumped
by these systems 1 and 2 provided similar images of dehyd-
rated normal and cancer cells [6, 18]. Although at 18.2 nm

laser operation the wavelength was far away from WW, we
could already use this setup to obtain high resolution images of
dehydrated HeLa cancer and normal cells, with clear distinc-
tion between membrane contours of cancer and normal cells.
The ultimate goal of the XRLmicroscopy program is to obtain
images of live cells.

In WW XRL microscopy, a thin (100 nm) window sep-
arates the x-ray vacuum tube from the biological cells loc-
ated on the window, and their images are recorded at atmo-
spheric pressure, by sensitive photoresist PMMA (or by a
CCD with small pixels used at a later stage of the study). We
have demonstrated that the XRL beam has sufficient energy to
expose images on the photoresist in a single shot. Images of
diatom fragments (the silicified skeleton of planktonic algae)
on photoresist indicated that the resolution was 50 nm.

Imaging of cancer and normal cells in their natural environ-
ment relies on increasing the XRL pulse energy. Demonstra-
tion of high gain at 4.03 nm in He-like CV ions is an important
step in this direction. This accomplishment holds promise for
a new kind of high resolution x-ray microscopy.

Recently, the TAMU-Princeton-IAPRAS team [20, 21]
suggested a technique for generation of a train of sub-fsec
and individual attosecond pulses by using an XRL with las-
ing in H-like CVI ions in transition to the ground state. In this
way the pulse duration of the table-top XRLs, which is lim-
ited by the population decay time of an excited state and typ-
ically exceeds hundreds of femtoseconds, can be shortened to
sub-fsec/attosecond duration. Such short x-ray pulses would
be desirable for dynamical imaging of the fast processes.
This technique of generation sub-fsec/attosecond pulses is
based on modulation of the frequency of the inverted trans-
ition of the XRL by an IR field via the Stark effect, which
results in redistribution of the resonant gain. It should be
noted that the recombination XRLs based on hydrogen-like
ions (such as CVI) are especially promising for the real-
ization of this technique due to degeneracy of the upper
laser level and a large dipole moment of the corresponding
2p-2s transition resulting in its efficient interaction with the
IR field and hence a deep modulation of the inverted laser
transition. The proximity of the |2p,1s> and |2s,1s> states in
He-like CV ions in combination with an even higher value
of the transition dipole moment also makes CV ions very
promising for generation of subfemtosecond pulses by this
technique.
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