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Abstract A volume, tomographic reconstruction of a

novel, multi-jet gas puff target, developed for possible

applications in high-order harmonic generation (HHG), is

presented. The target, produced by pulsed injection of

argon gas through nozzle in a form of linearly oriented

small orifices, has been characterized in the extreme

ultraviolet at 13.5 nm wavelength. Target density estima-

tions were performed, and 3-D representation of pulsed

gaseous target has been obtained by combining 2-D shad-

owgram images, recorded at various rotation angles. More

detailed information about higher-order jets, formed as a

result of collisions of primary jets, was obtained. Tomo-

graphic studies of such type of targets dedicated for HHG

have been obtained to our knowledge for the first time.

1 Introduction

The characterization measurements of pulsed gas jets, gas

puff targets, array of gas jets and dual-gas multi-jet targets

proved to be useful in efficient generation of extreme

ultraviolet (EUV) and soft X-ray (SXR) radiation [1, 2] and

was already reported in a variety of papers, [3–10], using

different diagnostic methods. The most common method

that was used in the characterization measurements of

various target systems is laser interferometry [11, 12].

Other studies show the possibility to perform character-

ization of rapidly evolving (in the nanosecond time scale)

gaseous targets using shadowgraphy techniques [13–15]. In

this study, however, to extract even more complete infor-

mation about those targets, we combined radiography

technique (shadowgraphy) [16], with tomography, which is

capable of rendering 3-D objects from multiple projections.

Detailed characterization of target density is essential

for quasi-phase-matching (QPM) in high-order harmonic

generation (HHG) employing modulated density media and

may strongly increase energy conversion efficiency [17–Electronic supplementary material The online version of this
article (doi:10.1007/s00340-014-5829-7) contains supplementary
material, which is available to authorized users.
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20]. QPM has been proven experimentally using gas-filled

capillaries [21], gas-filled hollow-core fibers with a mod-

ulated inner diameter [22], coherent superposition of har-

monics generated in two successive sources by the same

laser pulse [23], however, with limited or no character-

ization measurements of gas density profiles in the laser

interaction region, which are essential to perform numeri-

cal simulations and to understand the QPM process.

In this paper, we present application of EUV tomography

to combine 2-D shadowgram projections into a volume

reconstruction of multi-jet modulated density gas puff target

for more precise study of the target density. This target,

developed in our group, might have potential application for

phase-matching in HHG experiments. 2-D projections alone

are often insufficient for in-depth target characterization,

especially if accurate density profiles are required. Tomo-

graphic method using hard X-ray energy range was already

proven for nondestructive observing of the internal structure

of selected objects across a wide range of scientific [24],

industrial [25] and especially medical applications [26], for

imaging biological tissues [27, 28]. The tissues belong to the

group of materials with low atomic number and low density,

which is very similar to the gas objects [29]. These samples

usually exhibit very low absorption contrast in the hard X-ray

energy range [30, 31]. Therefore, the selection of appropriate

energy range (wavelength) considering the absorption of a

sample is very important. Heavier elements with a higher

atomic number require a shorter wavelength, or vice versa.

For our gas target, the EUV backlighting method at 13.5 nm

wavelength was used, based on the source described in detail

in [32]. The target was formed by pulsed injection of gas

through nozzle in a form of small orifices drilled in in-line

geometry. Pulsed operation mode allows for sufficient

removal of gas from the chamber and operation at *10-3 to

10-4 mbar chamber pressure during the valve operation,

limiting EUV reabsorption in the neutral, residual gas. This

method allows for imaging of target density features, unseen

previously directly from EUV shadowgrams, which can now

be studied in detail. The results of the studies will be useful

for research on HHG and for understanding of the HHG

process. Moreover, this method can be immediately applied

to characterize targets used in experiments related to e-beam

acceleration, ion acceleration, generation of EUV and SXR

radiation, laser–matter interaction and EUV and SXR lasers.

2 Experimental arrangement for EUV tomography

The gas target is backlighted with EUV pulses at 13.5 nm

wavelength at various angles, rendering 2-D projections of

the object, and later, by combining those projections, we

were able to obtain 3-D rendering of operating gas puff

target.

The EUV pulses have been obtained by spectral selec-

tion of a xenon plasma emission. The spectral narrowing

was performed using thin-film filters and a Mo/Si multi-

layer mirror. Similar technique has been previously applied

for characterization of gas jet xenon targets [33], elongated

geometry gas targets [15] and multi-jet gas puff targets

[13].

The experimental setup for EUV shadowgraphy, descri-

bed in details elsewhere [14], is depicted in Fig. 1a. Pulses of

EUV radiation are produced using a compact laser plasma

EUV source based on a double-stream Xe/He gas puff target.

More details about source optimization can be found in [34].

Emission at central wavelength k = 13.5 nm with the

bandwidth of about 1 nm was obtained using a flat Mo/Si

multilayer mirror, positioned at 45� incidence angle for its

theoretical peak reflectivity at k = 13.5 nm of about 38 %

(measured value *31 %). Additionally to eliminate longer

wavelengths from Xe plasma, including the visible light, a

composite Zr/Si3N4 filter was used. The thickness of each

layer was 200 nm. Spectral measurements were performed

using a transmission grating spectrometer (TGS), equipped

with a 4 lm period, free-standing grating located 720 mm

from the plasma. An entrance slit, 33 lm in width, was

positioned *4 mm from the grating. A normalized Xe

plasma emission spectrum, transmission curves of thin-film

filters, the reflectivity curve of the Mo/Si mirror and the EUV

spectrum after spectral filtration are depicted in Fig. 2.

Spectrally narrowed, quasi-monochromatic, pulsed EUV

radiation with inverse relative bandwidth of k/Dk = 13.5

illuminates gaseous target produced by electromagnetic

valve system.

The gaseous target was formed by nozzles, supplied

with gas pressurized inside gas reservoirs. The flow of the

gas is controlled by a fast-acting electromagnetic valve.

The valve can operate with gas backing pressures up to

5 bars. The nozzles form a multi-jet gas puff target by a

repeatable and periodic modulation of gaseous target den-

sity. To facilitate the use of this kind of target in HHG

experiments, we used argon gas.

Previously, as reported in [14], this target was prelimi-

narily characterized and it was found that the target density

profiles depend on a few parameters, such as the nozzle

geometry, backing pressures of gas or gasses, supplied to

the valve, the time duration of gas flow and finally on the

mode of operation. The information on the target density

profiles is very important for source development-related

research (including HHG); however, obtaining two-

dimensional density maps and later, density profiles, does

not allow to obtain a complete, 3-D picture of the inves-

tigated object (target). Thus, in this study, we employed a

tomography to visualize in 3-D at the lithographic wave-

length of 13.5 nm, a rapidly changing phenomenon of a

gaseous target formation. For that, we use arrangement of
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seven orifices in in-line geometry, similar to the work

described in [14], each 0.5 mm in diameter, with period

equal to 1 mm. The orifices were electrodrilled in 8-mm-

thick stainless steel plate, yielding a diameter to length

aspect ratio of 1:16. The entire valve, depicted in Fig. 1b,

was mounted on top of a high-resolution rotation stage

(model 8MR174-11, from Standa) to ensure rotation of the

valve and nozzles while acquiring projections.

To form a stable gas target, the valves supplying Ar gas

to the nozzles were opened and closed, synchronously with

the Nd:YAG laser, for the duration of 2 ms, after which the

EUV pulse arrived. Shadowgrams are produced by the

EUV light illuminating the target, locally and partially

absorbed by the gas, forming an intensity image at the

detector plane, further downstream the EUV beam. For

each angle H, depicted schematically in Fig. 1a, the

shadowgrams of the multi-jet gas puff target were regis-

tered using a back-illuminated charge-coupled device

(CCD) camera, X-vision M-25 (from Reflex company,

Czech Republic), equipped with 512 9 512 pixels CCD

chip, 0.5 9 0.5 in2. in size. The distances between the

source to the characterized target and the source to the

CCD camera were 880 and 995 mm, respectively. Geo-

metrical magnification of our system is equal to 1.139.

Fig. 1 Experimental arrangement for EUV tomography setup of a multi-jet modulated gas puff target. (a) Photographs of the valve (b) and the

nozzles—small inset in the image. Argon was supplied to all seven nozzles

Fig. 2 Spectra obtained using

TGS showing the EUV emission

from Xe plasma, transmission

curves for all filters, reflectivity

curve for the Mo/Si mirror and

the EUV spectrum of radiation

used in the tomography

experiment after spectral

narrowing. Transmission/

reflection curves are calculated

based on data available from

[37]
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Assuming EUV source size *200 lm, measured previ-

ously using pinhole camera, the spatial resolution possible

to achieve in this configuration is approximately 30 lm,

which corresponds roughly to a size of a single CCD pixel

(*25 lm). This was confirmed experimentally by mea-

suring resolution using a knife-edge criterion in shadow-

grams at the edge of the valve, which results in a value of

1.5 pixels or *38 lm. The resolution might be further

improved by moving the object closer to the detector;

however, the ultimate resolution limit is the CCD pixel

size. To ensure a proper pixel segmentation number of

equiangular projections Np has to fulfill the condition (1):

Np�
p
2
� Nd ð1Þ

where Nd is a number of detector pixels in the plane of

object rotation. The angular step H can be calculated as

H B 2p/Np and in this experiment is equal to H\ 0.45�,

thus we chose H = 0.4o and the number of projections

equal to 900. The CCD chip was cooled down to -20 �C to

decrease its thermal, intrinsic noise. To obtain each shad-

owgram (projection), 5 EUV pulses were acquired using

the CCD camera, in order to minimize a shot-to-shot var-

iation in EUV pulse energy and to statistically average the

gas transmission in each shadowgram, which in turn is

beneficial for the accuracy of further 3-D reconstruction.

3 EUV tomography results

The tomography of the target has been performed for argon

backing pressure of 1.5 bar. The EUV shadowgrams for

H = 0o and H = 90o are depicted in Fig. 3a, c. Shadow-

gram in Fig. 3a shows that characteristic gas jets are pro-

duced as a result of free expansion of gas from the orifices

into a vacuum. Such gas jets are typical for sonic expansion

of gas flowing through a small orifice (sonic nozzle) under

high pressure [4].

If argon is supplied to nozzles surrounded by similar

nozzles, secondary jets are forming as a result of collision

between two jets originating from the nozzles—primary

jets. For larger distances *2.7 mm from the nozzle, one

can observe formation of the tertiary jets as a result of

collision between the secondary jets. The number of the

secondary jets is at one smaller than the number of the

primary jets. This mode of operation is similar to the data

presented in [14], where only one kind of gas was supplied

to all nozzles. Detailed study of gas backing pressure

dependence on the target formation can also be found

elsewhere [14, 15].

From the shadowgrams in Fig. 3a, c, it was possible to

obtain the density of the target. The gas density maps of the

3-D gas density distributions were calculated from the

EUV shadowgrams using the Eq. (2):

qðx; yÞ ¼ � ln Trðx; yÞ½ �
la � dðyÞ

� mat ð2Þ

where Tr(x, y) is a 2-D transmission map of the gas puff

target, la = 2r0 � k � f2 is an atomic photoabsorption cross

section, r0 = 2.82 9 10-15 m is the classical electron

radius, k = 13.5 nm is the wavelength, f2 is the imaginary

part of the atomic scattering factor, d(y) is the path-length

on which the EUV beam is absorbed in the gas, measured

in direction of the EUV beam, horizontally, as indicated in

Fig. 3c, mat is the atomic mass of the gas puff target

material and (x, y) are spatial coordinates at the detector

plane, horizontal and vertical, respectively. The 1-D path-

length d(y) can be found by measuring averaged FWHM

widths of the density sections, obtained at various distances

from the nozzle oriented as in Fig. 3c. The FWHM widths,

corresponding to the path-lengths, are then interpolated to

find analytical equations, d(y), describing the path-length

Fig. 3 EUV shadowgrams (raw data) of multi-jet gas puff target

produced by supplying Ar gas to the nozzles at 1.5 bar backing

pressure, for variable rotation angle H = 0o and 90� (a and c,

respectively). 2-D density map (b) obtained from EUV shadowgram

(a) using data from image (c) to obtain path-length d(y) for density

calculations
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as a function of a distance from the nozzle plane y. It needs

to be stressed that this method is greatly simplified, thus

not highly accurate, however, allows to find the 2-D den-

sity maps for 3-D density distributions, assuming a uniform

path-length d(y) in orthogonal direction to the x–y imaging

plane. For the density calculations, we also assumed a

monochromatic radiation; however, due to a certain

bandwidth of the EUV radiation, equal to *1 nm, mea-

sured as a FWHM of the spectrum depicted in Fig. 2b,

there is additionally an error associated with slightly dif-

ferent absorption of the EUV radiation at different wave-

lengths. The 2-D density map obtained from shadowgram

data is presented in Fig. 3b. The modulation depth of the

gas density profiles in this case reaches 70 %, 1.2 mm

away from the nozzle plane, with maximum and minimum

attainable densities of Ar equal to 2.3 9 1018 and

6.6 9 1017 atoms/cm3, respectively, in the region where

the secondary jets are forming.

Density resolution was also assessed as the smallest

density change which this setup is capable of detecting.

This can be estimated directly from Fig 3b—a density map,

for higher-order jets, where we can see primary jets very

well (7 orifices above the nozzle plane reaching

5 9 1018 atoms/cm3), then secondary jets (2–3 9 1018 -

atoms/cm3) and tertiary jets (1–1.5 9 1018 atoms/cm3) up

to a distance of -4 mm on vertical axis. Fourth-order jets

are much more difficult to see; however, three of them (of

four) are visible at *-6 mm distance (reaching density

\1 9 1018 atoms/cm3). There is also some gas, sur-

rounding fourth-order jets, with density down to 3 9 1017

atoms/cm3 and, in our opinion, it is on the edge of detecting

capability for our setup.

Using a full data set of 900 radiography projections with

additional 50 shadowgrams without the gas target—flat-

field images, we performed a tomographic reconstruction

of the gas puff target. The flat-field images (the valve was

closed during shadowgram acquisition) were obtained

before and after data set acquisition. Figure 4 shows a

sequence of a few EUV shadowgram images of the target

recorded over p/2 rotation angle.

The standard reconstruction algorithm for parallel beam

geometry in Octopus software [35] was used for processing

of 2-D radiography projections into CT slices. VGStudio

2.1.5 software (http://www.volumegraphics.com) was used

for stacking of CT slices and for the three-dimensional

rendering and visualization. The slices were generated

from projection data with a voxel size of (25 lm)3. Some

of those slices are presented in Fig. 5b–i for planes repre-

sented by dashed lines in Fig. 5a at various distances from

the nozzle plane y. The dark numbers for each slice rep-

resent the slice number (1–512), starting from the very top

of 2-D projections down. The white numbers were recal-

culated distances from the nozzle exit plane, based on the

voxel size. The white areas represent regions with

increased electron density, while the circular pattern pres-

ent in all images is associated with the reconstruction

artifacts. In Fig. 5b, only extruded part of the valve can be

seen. Directly above the nozzle (Fig. 5c), the gas jets,

formed by the nozzles (primary jets), are present. The

number of gas jets corresponds to the number of the noz-

zles. As expected, the gas jets are circularly symmetric,

even though it is not immediately evident from the data.

Approximately 200 lm away from the nozzles, secondary

jets are formed in between the primary jets (Fig. 5d). Their

number is at one less than the number of primary jets. From

the top view, we can observe directly the cross section of

those jets and precisely evaluate their shape which is

impossible to see directly just from the 2-D projections.

Fig. 4 Sequence of a few EUV shadowgram images of the target over p/2 rotation angle
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Small inset in Fig. 5d shows the initial moment of for-

mation of the secondary jets. If we are moving away from

the nozzles, at the distance of *1 mm, the main contri-

bution to the reconstructed electron density is from the

secondary jets, as can be seen in Fig. 5e. There is still,

however, some gas density in between the secondary jets,

which might be attributed to the primary jets. Moreover,

we can also change the duty cycle of the modulated gas-

eous target by adjusting the distance from the nozzles. As

can be observed in Fig. 5f, at *1.4 mm away, the duty

cycle for modulated target approaches 50 %, more than in

Fig. 5e, which was *30 %. This is a very important fea-

ture that might be useful for HHG phase-matching to

increase the conversion efficiency of the process. In the

region, where secondary jets start to overlap (Fig. 5g),

there is no density modulation, as presented in the corre-

sponding slice; however, *400 lm above that plane, we

can again clearly observe some modulation associated with

the formation of the tertiary jets as shown in Fig. 5h. Those

jets, although less visible due to reduced density of

*1.75 9 1018 atoms/cm3 (*2.8 mm away from the noz-

zle plane), still change their width, and thus, the duty cycle

for modulated density target can be optimized for efficient

HHG in that region as well (Fig. 5i).

This is in accordance with the sinogram data. Sinogram is

obtained as a set of projection vectors x~, obtained from 2-D

shadowgrams at a particular distance from the nozzle y ver-

sus the projection angle H, which is depicted in Fig. 6a. The

Fig. 5 Slices produced in the reconstruction process (b–i) for planes

represented by dashed lines in (a) for various distances y from the

nozzle plane. The dark numbers are the slice number (1–512), starting

from the very top of 2-D projections down. The white numbers

indicate distances from the nozzle exit plane. The white areas

represent regions with increased electron density, while the circular

pattern, present in all the images, is associated with the reconstruction

artifacts
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sinograms for various reconstruction planes (slices) are

presented in Fig. 6b–e and correspond directly to slices

presented in Fig. 5c, d, e, i, because they were obtained at

precisely the same distances from the nozzle plane y. Fig-

ure 6b represents angular distribution of the projection data

just above the nozzle, where only primary jets are present.

Those jets are visible from 120� to 240� angles, over more

than 60� on each side of the central projection at 180�.

225 lm above that plane, secondary jets start to emerge in

between strong primary jets, which is depicted in Fig. 6c. At

1 mm above the nozzle plane (Fig. 6d), contribution of

secondary jets is most significant; moreover, their angular

spread is reduced to DH * 40�. Weakly visible tertiary jets

are also present in the sinogram data (Fig. 6e), with angular

spread of DH* 16o. Smaller angular spread means that their

path-length d(y) is much larger than of the other jets.

Modulation profiles were also obtained directly from

slices and are presented in Fig. 7. Figure 7a corresponds

to slice from Figs. 5c, 7b to 5d,…, etc. The profiles in

Fig. 7a, b show very pronounced primary jets with sat-

urated intensity in the reconstructed image. In Fig. 7b,

small secondary jets appear, visible in the profile image,

just in between strong primary jets. Those secondary jets

are dominating the profile in Fig. 7c, producing

Fig. 6 Scheme for generating sinograms (a) and sinograms (b–e) obtained for various distances from the nozzle plane y corresponding to slices

presented in Fig. 5c–e, i)
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rectangular density profile with lower duty cycle. Fig-

ure 7d depicts similar profile with higher duty cycle in

the density modulation plot. Figure 7e shows no periodic

structure in the density plot, due to previously explained

collision of the secondary jets; however, Fig. 7f, g shows

once again modulation originating from the formation of

tertiary jets. Modulation depth of the density profile,

formed by tertiary jets, is much smaller than in case of

secondary jets (for data in Fig. 7c equal to *31 %) and

is equal to *8 % (Fig. 7f) or *4 % of the reconstruc-

tion dynamic range from 0 to 255 shades of gray.

Combining the slices, we obtain a volumetric recon-

struction of the multi-jet target. The result of 3-D

tomographic reconstruction can be seen in Fig. 8, while

the short movie of rotating 3-D target can be found in

supplementary materials online.

Fig. 7 Modulation profiles obtained directly from slices presented in Fig. 5, with 8 bits dynamic range of gray levels. Insets and profiles

correspond to slices in Fig. 5
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4 Preliminary high-order harmonic generation

measurements for modulated density gas puff targets

Modulated density targets might be used in the future to

enhance the conversion process in HHG. To achieve that a

phase-matching between the laser fundamental beam and

the harmonics, generated by coherent addition of HHG

signal from a large collection of atoms, is required. It was

theoretically demonstrated that HHG phase-matching in

targets with modulated density will increase HHG signal,

as reported in [20].

To prove that we have performed initial measurements

of HHG signal from an array of seven nozzles, each

0.5 mm in diameter, arranged equidistantly in-line geom-

etry over a distance of 9 mm (*1.3 mm period) and

compared the emission to non-modulated target having the

same length. The example result of spectral measurements

for 21–31 harmonics is presented in Fig. 9, for argon gas

backing pressure of 1 bar, k = 810 nm wavelength,

t = 40 fs, E * 1 mJ pulses, focused by an f = 750 mm

lens onto a targets 1.5 mm above the nozzle exit. The

diameter of the focus at FWHM was 90 lm, giving the

laser intensity in the focus of about 1014 W/cm2. The

modulated target density, measured using a shadowgraphy

technique, was equal (2.16 ± 0.13) 9 1018 atoms/cm3

across secondary gas jet and (1.53 ± 0.06) 9 1018 atoms/

cm3 between two jets, at the target density duty cycle equal

to 37 %. Target density measured for the slit nozzles was

equal to (1.79 ± 0.15) 9 1018 atoms/cm3. Error quoted

here is a ±standard deviation from 20 measurements. The

spectrum was measured using reflective diffraction grating

(1,200 groves/mm) coupled to a back-illuminated CCD

camera, sensitive to the EUV radiation (Andor, model

DX440-BN). The increase in signal is modest at this time,

*100 % for most intense harmonics, due to the fact that

the design of the nozzles was not particularly optimized for

that purpose; however, it promises improvement in HHG

efficiency and is a part of an ongoing work including

simulations and experimental confirmation, which cannot

be currently presented. Employing modulated density tar-

gets also allows tweaking the HHG emission spectrum, by

channeling the energy flow to different harmonics, which

was recently demonstrated in [36].

5 Conclusions

In summary, we have performed the tomographic recon-

struction of the multi-jet gas puff target by combining

shadowgraphy projection images into a 3-D reconstruction

Fig. 8 Three-dimensional visualization of the reconstructed gas puff

target showing primary and secondary gas jets. Additionally,

positions of the nozzles were schematically indicated. Movie of

rotating 3-D target can be found in supplementary materials online

Fig. 9 Spectral measurements

for 9-mm-long modulated

density gas puff target (dashed

line) and for 9-mm-long slit

nozzle with near-constant

density (solid line)
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volume. Reconstructed gas jets compose a uniform, mod-

ulated density gas-comb-like pattern. The spatial density

profiles along the nozzle array are strongly modulated.

Their density and shape depend on the distance from the

nozzle, which was experimentally studied in detail in this

paper. Those results might be of high importance to opti-

mize and characterize possible targets for phase-matched

HHG and in turn possible future applications of improved

efficiency of HHG sources. Some additional information

regarding the secondary jets might be directly observed

only form 3-D reconstructions. Even though the contrast of

the shadowgram is not high, due to small gas backing

pressure used in the experiment, the tomographic technique

is capable of visualizing gas density distribution in the

range of 1018 atoms per cm3 in much detail.
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