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Abstract

The 3 MV Pelletron tandem accelerator MaRPel (Material Research Pelletron) of the Il. Physikalisches Institinge®is equipped with
a low-level target station for applying the Resonant Nuclear Reaction Analysis technique. This combination allows high-resolution hydrogen
depth distribution profiling using N beam with an energy higher than 6.385 MeV, which is the resonance energy’of(til, a-y)*?C
nuclear reaction. The installed AMSEL-steerers are used for an easy variation of the beam energy and a computer-controlled automated
measurement of depth profiles. Here, the experimental set-up is described and the strategy of the energy calibration of MaRPel and the
AMSEL-steerers is explained. The resolution and sensitivity of hydrogen depth profiling are presented together with some measured profiles
as examples for possible applications of this analytic tool.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction deeper inside the material. In this way, a depth profile is
obtained by counting the gamma yield versus the increasing
Only a few analytical methods are available which can ion beam energy. The depihis calculated from the differ-
determine the depth distribution of small amounts of hydro- ence Ep — ER), divided by the stopping powerHjdx of
gen. Besides ERDA and SIMS, the Resonant Nuclear Reac-the target material, which is tabulated for pure elements in
tion Analysis (RNRA) is a very sensitive tool, whichwas used [2] and can be calculated for more complex materials with
in the present study in two-fold ways: firstly to calibrate the the help of the Bragg-rulg3].
accelerator and secondly to detect H-concentrations below Hydrogen depth profiling is performed by selectintpll
the surface of H-containing samples. The RNRA-method beam with an energy higher than 6.385 MeV, the exact res-
makes use of very sharp resonances (keV <10keV) in onance energy of thEH(*°N, ay)2C nuclear reaction. This
the cross section of nuclear reactions, which are tabulated (seegesonance has a narrow widthlof= 1.868 keV[4] and the
for example[1] and references there in). Usually, reactions high cross section ofgsgs = 1650 mb. The energy of the
are used which lead to the emission of high-energy gammaemitted gamma quanta is 4439 keV. Using 7.2 MeV, the high-
quanta of the final nucleus, being a “fingerprint” for the pres- est possible energy PN ions at MaRPel, hydrogen can be
ence of a certain isotope. traced, for example in Ti, up to a depth of 320 nm.
lons accelerated to the resonance endigywill react
with nuclei at the target surface. When the beam enékgy
is increased, the ions will be slowed down by the stopping 2. Experimental
power of the target until they reach the exact resonance energy
For high-sensitivity hydrogen depth profiling, three dif-
* Corresponding author. Tel.: +49 551 397 613; fax: +49 551 394 493,  ferent experimental devices are required: (1) an accelerator
E-mail address: muhrmac@gwdg.de (M. Uhrmacher). to provide 1°N-ion with at least the resonance energy, (2)
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AMSEL-steerers to vary this energy fast and easily, and (3) The low-level RNRA gamma detection set-up includes
a low-level RNRA gamma detection station. The general a rotatable target holder and a 10:#n10in. Nal-detector,
MaRPel set-up can be found ify. both enclosed in a combination of active and passive radiation
The MV NEC-Pelletron accelerator MaRPel (Materials shieldings. The outermost shield is the 1 mthick concrete wall
Research Pelletron) delivers a stabt®l ion beam with a  of the accelerator hall itself, which reduce the soft compo-
current of about 25 mA, produced by the ion source SNICS nent of cosmic and environmental radiation. The next shield
(Source of Negative lons by Cesium Sputtering) using a Cu- is a box made of 30 cm thick old iron (the armoring plates
cathode filled with K&°N. A good transmission of 1/15 of a Dutch warship build in 1902) which is almost free of
(target to source beam current) has been reached. The fieldadioactive contaminants; its bottom part is “only” 15cm
of a 90°C analyzing magnet determines the beam energy. thick. Inside the iron box, boronated plastic is placed to
Because of the need to vary the beam energy consecutivelycapture thermal neutrons. In order to suppress penetrating
during RNRA-measurements the hysteresis of the(®6 muons generated by the cosmic radiation, 2 cm thick scin-
magnet would tremendously limit the speed of data taking tillation counters can be mounted on the outer five sides
and continuous refocusing would be necessary. Therefore,of the iron box, except the bottom side. These scintillators
MaRPel includes an automatic hysteresis-free energy scan-are operated in anticoincidence with the Nal detector and
ning device —the AMSEL-steerers (details of the experimen- serve as an active shielding; however, they produce a rela-
tal set-up are given in Rgb]). The high voltage stabilization  tively large deadtime of about 20%. A detailed description
of a tandem accelerator (TPS-system) uses a beam posiof the whole low level device (at its first location in the
tion sensing “slit control” system right behind the analyzing Max-Planck-Institut fir Kernphysik, Heidelberg) is given
magnet. The basic idea of Amsel et @] is to “fool” this in [8].
stabilization system by deflecting the beam at two points,
i.e. at the entrance and the exit of the analyzing magnet,
through small angles using electrostatic deflection plates.3. Energy calibration strategy
Fig. 1 schematically displays the operation of the AMSEL-
steerers. The solid line corresponds to the ideal beam track at The most important values for the operation of an accel-
fixed values of energy and magnetic field. A negative poten- erator are the exact ion ener@yand the energy resolution
tial on the two deflector plates on the left-hand side results A Ejon. The accelerating terminal voltage of MaRPel is mea-
in the dot-and-dash line. Following a non-symmetrical path, sured via a generating voltmeter (GVM) with a poor accuracy
such ions hit the “high-energy-slit”. Automatically, the TPS (AU =2kV), whereas the magnetic field of the mass sepa-
will decrease the beam energy and the ions will then follow rator is controlled via a Hall-probe near the beam trajectory
a new symmetrical path through the magnet (dotted line). with a high accuracyA B < 0.1 mT). Furthermore, the bend-
In zero order the correlation between the applied deflectoring radius of the magnet has to be known. It is needed to
voltage (0< U <20kV) and the change in the acceleration calculate the magnetic field setting for ions of different mass
voltageAUgacc[7] is linear. and energy.

The energy calibration was carried out in four steps. In
the first step, the energy of the proton beam was changed
by varying both the magnetic field of the mass separator
and the terminal voltagE&Terminal Of the accelerator, focused
on the Faraday cup at the exit of the ‘@D magnet. Using

L an estimate for the bending radius of the magnet a rough
calibration of the GVM was obtained. This allowed the next
step: a thin nitrogen layer of a laser-nitrided tantalum sample
was analyzed by RNRA. We searched the four resonances
in the ®N(p, ay)12C reaction atEr = 898, 12101640 and
1979 keV[1]. The experimentally obtained energy of these
precisely known resonances gave the correction factor for the
GVM which allowed to correlate the measured accelerating

deflector 1 1

D
90°- magnet

.,
",

==k deflector 2 high voltageUterminai With the desired beam enerdigeam
e Fitting the bending power of the mass separator with the now
AP known pairs ofEgeamandB, the precise value of its bending
i radius,r = 0.871(1) m, was achieved. With this value being
rIZI Siadty fixed, the corresponding magnetic fields for all ion masses
e and ion energies_ can be calculated. The upper_pd?thfZ_ _
shows the experimental data for the magnetic field which is
Fig. 1. Different beam trays through the AMSEL-steeres and theafi@- needed to bend the protons BiN-ions by 90°C into the

lyzing magnet. RNRA-beam line. The lines represent the fit of the bending
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Finally, the “Amsel-steerers” were calibrated in an RNRA
experiment with five narrow resonances in the cross section 990 991 992 993 994 995
of the?’Al (p, ) 28Si nuclear reactiorfig. 3shows the five proton energy  [keV]

resonances in the energy region from 730to 780keV. The taI’_Fi 4. RNRA spectrum of the (py) reaction on a thick Al-target in the

get V,Vas al0nm thln Al-layer on Ta. The insetag. 3ShOWS engergy rang&, j 890-995keV. Tpt,we varianee= 0.48(4) keV of?he fitted

the linear correlation between the resonance energies and th%rror function gives the upper limit for the energy width of the proton beam.

applied deflection voltag&gyefiectoron the AMSEL steerers.

A 1kV voltage on the deflector plates was found to increases

the energy of the proton beam k20.4 keV. Together with A Ejon = (02 — I'2)Y/2 = 0.48(3) keV as the upper limit for

some geometrical corrections this allows a wide variation of the energy width of the proton beam. For thél-beam at

the beam energy within one magnet setting: for protons of 6.4 MeV, we used the width of narrow hydrogen surface

1.7 MeV the accessible energy range is 386 keV,fi- peaks to estimatéd Eion ~ 7(1) keV [5]. This value results

ions of 6.4 MeV it is 836 keV. in a depth resolution of about 2nm if we apply the tabu-
A ot of different effects give rise to an uncertainty con- lated electronic stopping powers BN-ions[2]. Due to the

cerning the beam energ Eion. The ion source already energy straggling in the target this resolution increases from

contributes to it. Many factors broaden the beam energy atthe surface to about 12 nm at a depth of 500 nm.

the high voltage terminal of a tandem, the discontinuous

charge delivery, the corona current, the charge-exchange pro-

cesses of the ion in the stripper-channel and the break-up of4. Hydrogen sensitivity

molecules, which occurs with the!@ molecule. Finally,

inhomogeneities of the magnetic field also contribute to the  In this chapter we will discuss the high sensitivity of

beam-energy broadening. All these effects add up to theRNRA to hydrogen concentrations, and how it can be

final beam width measured by RNRA with the help of a increased by certain improvements of the detection system

massive Al-target. The reactidfAl (p, v)?8Si has a very and/or by the performance of the experiments. The sensi-

narrow " = 0.05 keV) [44] resonance #r = 992 keV. The tivity limit ( cmin = the minimal concentration, that can be

measured curve is given ifig. 4. A fit with an error func- detected) can be found from the statistical error of the nor-

tion results in a total width of = 0.48(4) keV, which gives malized gamma reaction yieldeac= (Ym — Ybg)/it. Here,



310

Ym is the measured yield ankhg the background yield;
is the ion beam current andhe measuring time. The cor-

responding counting rates are defined%ﬁc = Yreacand
dng _ Y
d — fbg- o o )
As shown in detail irf7], the minimal concentration can

be calculated whelieac < Yhg:
2
MEE-IET
bg Yreac
1)

This formula demonstrates that an increase in the ion beam
current has the biggest influence opin: one order of
magnitude pushesmin down by a factor of 10. Unfortu-
nately, there are limits due to the ion source itself, the
optics of the beam line and the thermal stability of the tar-
get. In our set-up, the maximum current on the target is
about 1.5.A swept over 1cri. The low level measuring
set-up is especially designed to decrease the background
rate, as has been described before. Here, a factor of 10
leads to a reduction ofnin by 4.64. An increase of the
data taking time is less important. Here one gains only a
factor of 2.15 by increasing the measuring time by a fac-
tor of 10. As an example, we give hetgi, for H in Si.

If we assume a maximal relative erratreay/ Yreac= 0.5

and take as the typical valueiéog: 0.98 cts/s, const
21.126¢cts/fuC at.%H in Si),i =05 pA and t =725,
cmin(H) is calculated to be 450 atppm. This value is clearly
larger than the previous Heidelberg resultgf= 80 atppm

[9], but in these experiments a measuring time f1000 s
was used.

To demonstrate the wide range of hydrogen concentrations
which can be analyzed by this techniqué&igs. 5 and @lepth
profiles are shown which strongly differ in their H concentra-
tion. In both cases the samples were loaded with H by laser
hydriding[10-12] Fig. 5 shows Ti-samples that have been
irradiated with 16, 64 or 256 laser pulses at a fixed fluence
of 4 J/cn? and the given ambient pressure of hydrogen from
0.5 to 3 bar. Under nearly all conditions the H-concentration
increases to a mean saturation value of 47 at.%. The limit
of 370 nm reflects the maximum depth which can be ana-
lyzed with 1°N-ions at MaRPel. As shown if10,12] this
laser treatment leads to the formation of the Fiphase.
Fig. 6 shows a low H-concentration example, which was
obtained after laser-hydriding of a Si sample which has been

Yreac 1
constx i constx i

Cmin =

H-Concentration [at%]

H-concentration [at.%]
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Fig. 5. Hydrogen depth profiles from Ti-samples, which have been laser-
hydrided with a fluence of 4 J/chat the given H-pressure and number of
laser pulses.
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amorphised by Xe-bombardment prior to the laser hydriding 5. Conclusions

process. The ppressure was 2 bar for all samples, the respec-
tive laser fluences are given in the figure. All recorded depth
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Fig. 6. Hydrogen depth profiles from Si-samples, amorphized by Xe-ions
before, after laser-hydriding with 16 pulses at gptessure of 2 bar.

It has been shown that MaRPel and the low-level RNRA

profiles show the presence of the well known hydrogen sur- set-up is capable of high sensitivity H depth profiling. Using
face peak with a maximum concentration of about 2.3 at.%. short measuring times of about 1 min/energy the sensitiv-

However, when applying the 16 pulses with a fluence of ity jimit is at 0.045 at.% for the detection of H in Si. After
1J/cnt we find in addition an increased H-concentration calibrating the AMSEL-steerers, also computer-controlled
with a maximum of 0.7at.% H around a depth of 40nm measurements are also possible which allow a fast hydro-

[10,12]

gen depth profiling in a range of about 400 nm in Si samples.
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