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Three-dimensional hydrogen microscopy using a high-energy proton probe
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It is a challenge to measure two-dimensional or three-dimensi@ml hydrogen profiles on a
micrometer scale. Quantitative hydrogen analyses of micrometer resolution are demonstrated
utilizing proton—proton scattering at a high-energy proton microprobe. It has more than
an-order-of-magnitude better position resolution and in addition higher sensitivity than any other
technique for 3D hydrogen analyses. This type of hydrogen imaging opens plenty room to
characterize microstructured materials, and semiconductor devices or objects in microbiology. The
first hydrogen image obtained with a 10 MeV proton microprobe shows the hydrogen distribution
of the microcapillary system being present in the wing of a mayfly and demonstrates the potential
of the method. ©2003 American Institute of Physic§DOI: 10.1063/1.153311]1

Hydrogen is an element which significantly influencesdistribution is obtained. The details of this hydrogen micros-
the physical and chemical properties of any material. In a lotopy will be described in the following.
of materials like, e.g., organic matter it is one of the main ~ SNAKE (Fig. 1) is a facility at the Munich 15 MV tan-
constituents. However, even small fractions can have @em accelerator which mainly consists of a two stage focus-
strong influence on the properties of common metals, seming system and several pairs of specially shapedStiksfin-
conductors, and insulators. Therefore, the quantitative analyng the phase space of the ion beam, e.g., a high-energy
sis of hydrogen plays a crucial role in understanding theproton beam. The setup allows us to reduce beam size de-
behavior and in improving the quality of materials. fined by the object slits by a factor of 200. A superconduct-

Several techniques for quantitative hydrogen imagingng magnetic multipole lertg is used for the mairisecond
have been developed® However, imaging of hydrogen on a demagnification stage in order to focus high-energy ions
micrometer scale or even with resolutions better than a miwithin a short working distance from the lens of about 150
crometer is a great challenge. Standard techniques for elnm with minimized spherical aberrations. The overall posi-
emental analyses like x-ray fluorescence or Auger electrotion resolution has been checked with various grids to be at 1
spectroscopyare not applicable for hydrogen detection as aum. The resolution is actually limited by nonideal optics as
matter of principle. In addition, scattering cross sections fokvell as from effects of vibrations and fluctuating electromag-
electrons and x rays are very low compared to any othenetic fields on the stability of beam position.
element which hampers imaging of hydrogen by electron or  Hydrogen detection is performed utilizing the elastic
x-ray microscopes. Hydrogen analysis using infraredscattering of high-energy protons from hydrogen nuclei
spectroscopfyis restricted to a limited number of materials which are situated in the target. Since protons are also scat-
and a selection of hydrogen containing molecules. Considetered from other elements in the target, a sensitive selection
ing secondary ion mass spectrometry as a destructive methes the proton—proton scattering events is required for hydro-
for high resolution imaging near the surface, hydrogen migen analyses. A clear cut without ambiguity for these
croscopy is questionable due to the high mobility of the hy-proton—proton scattering events is set by demanding coinci-
drogen atoms including unsolved problems regarding thejent detection of the two protons emitted under a relative
quantification especially in materials like metalther angle of 90° within the scattering plafeA large area sili-
techniques which are commonly used for hydrogen imaginggon strip detectofFig. 2) is used for particle detection which
like neutron radiographyor nuclear magnetic resonance covers a significant par2.3 sh of the total solid angle in
microscopy are limited in their resolving power to values order to detect nearly all of the valuable proton—proton scat-
of 10-100um and they are also restricted in terms of Sen+tering events. It gives an energy signal for each detected
sitivity. particle and a nanosecond coincidence window. In addition,

These limits to analyze hydrogen in microscopic dimen-ihe relative scattering angle of 90° in a scattering plane can
sions has been overcome now, since the scanning ion Micrey checked for two particles detected in coincidence due to
probe - Superconducting Nanoscope for Applied nucleaghe granularity of the detector. This redundant discrimination
(Kern) physics Experiments(SNAKE) has gone into  for proton—proton scattering events reduces background be-
operation® which allows us to focus proton beams from 4 t0 |\, 10-6 even at high count rate®.g., 10 kHz, which are

30 MeV to 1pm in diameter. Elastic proton—proton scatter- necessary for acceptable measurement times even at low hy-
ing is utilized to obtain a quantitative and sensitive hydrogerarogen concentrations.

analysig! at the actual position of the proton probe. Doing so Thus, a sensitivity in the range of parts per million hy-
at several positions a microscopic image of the hydrogerarogen atoms is obtaind®® The number of detected
proton—proton events is directly proportional to the areal
3Electronic mail: guenther.dollinger@ph.tum.de density of hydrogen at the beam spot for a given beam dose.
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A two-dimensional(2D) lateral hydrogen image of the
target material is obtained by scanning the focused proton
beam across the sample and by marking every proton—proton

signal in a map at a position which corresponds to the actual ia)

beam position. The scanning of the beam is performed by ._1013;

electrostatic deflection plates driven step by step at a con- - |80 %;«_?

stant step rate of, e.g., 100 Hz. The minimum step size is ; g0 25

adjusted to the beam size and can be in the nanometer range a0 %E

in principle. - %5
The information on the third dimension, respectively, the o

depth of the hydrogen location, is obtained simultaneously
for each detected event. For this purpose the sum of the
kinetic energy of the two protons is measured. The incident
and the scattered protons sustain an energy loss which in-
creases with probing depth. Because energy loss of the scat-
tered protons is larger than that of the incident protons a net
effect remains for protons scattered in different depths. The
achievable depth resolution was found to be better tham5
even at probing depths of some 10fn.®

This method, commonly called “proton—proton scatter-
ing,” has already been used as a technique for hydrogen

(e}
“"’\\\ _ 1o}~
{1 ‘{\\\;\.‘,’ / E - ~50 pm

E B

5o

g L

8 =
L I : I A l : l :
[} 50 100 150 200 250

Position {pm)

2D image of
hydrogen content

FIG. 3. (Color) (a) Schematic drawing of the wing of a mayflgee Ref. 20

(b) 2D map of the hydrogen content of the wing from the marked region of
Fig. 3(@). The supporting capillary system affgunction can be recognized.
FIG. 2. Principle drawing of hydrogen analysis by proton—proton scatteringThe two-fold maximum at the main capillary results from the projection of
The two protons emitted from a proton scattered at a hydrogen nuclei of théhe hollow tube(c) Hydrogen cross-sectional profile of the marked area of
sample are detected in coincidence by an annular silicon strip detector witkig. 3(b) projected onto the base line AB. The third dimension is evaluated
huge solid angle of detectiof2.3 s). A small coincidence window in the from the energy profile. The corresponding scale is plotted in the figure. The
nanosecond range and a subdivision in sectors and annular strips allowspécture reveals the cross section of the capillary. However, the empty space
sensitive selection of the proton—proton scattering events from all othem the tube is not imaged, because energy loss occurs only at the capillary
scattering events. wall, but not inside.
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analyses at low-energy proton microprob®sThe major analysis can be extended by a simultaneously performed 2D
drawback of using low-energy protons was a limited range ofnapping of other elements, e.g., using particle Induced x-ray
the scattered protons. This restricted the analyses to a sam@enissiod? PIXE for the analysis of heavy elements. The
thickness in the 1Qum range since at least one of the two high proton energies available at SNAKE allow investigation
scattered protons has to be transmitted through the sample @i unsupported samples of some 10 thickness and make
order to get a true hydrogen signal. The limit is now signifi-an attractive step forward in the investigation of hydrogen
cantly repelled by SNAKE whose high proton energies allowcontaining microstructures, e.g., in microelectronics, micro-
hydrogen microscopy with specimen of several 106  mechanics, geology, or even in biology. Completely new ap-
thickness. Therefore, nearly any material can be investigateplications are expected for the microscopy of biological ma-
with simple preparation schemes. The main strength of theerials, e.g., interfaces between biologic and biocompatible
proton—proton scattering is the large scattering cross sectiamaterials, which can be investigated under living conditions
which results from the dominant strong nuclear interaction. lin foil containers.
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