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High Accuracy, High Energy He-ERI) Analysis of H, D, and T

James F Browning, Robert A. Langley, Barney L. Doyle, James C. Banks, and William R.
Wampler

Abstract
A new analysis technique using high-energy helium ions for the simultaneous elastic recoil
detection of all three hydrogen isotopes in metal hydride systems extending to depths of
several ~m’s is presented. Analysis shows that it is possible to separate each hydrogen
isotope in a heavy matrix such as erbium to depths of 5 ~m using incident 11.48MeV %e++
ions with a detection system composed of a range foil and AE-E telescope detector. Newly
measured cross sections for the elastic recoil scattering of %e++ ions from protons and
deuterons are presented in the energy range 10 to 11.75 MeV for the laboratory recoil angle
of30°.

1. Introduction

Metal hydrides are used in an increasingly broad range of areas and disciplines.

Examples include: (1) neutron generating devices used in neutron scattering experiments,

medical research, and bore hole logging 1 and (2) hydrogen storage devices used in the

energy and transportation industries 2. The data storage, electronics and steel industries 3

also have a need for the accurate measurement of hydrogen concentration in thin film and

bulk materials. In many cases these hydride systems are composed of relatively thick films

or bulk materials with surface roughness commonly in excess of a micron. This presents a

challenge to traditional He-ERD 4 which routinely has been used to analyze H isotopes in

smooth samples to depths of approximately 0.5 ~m.

There is currently significant interest in hydrides of rare earth and transition metals.

Specifically, Sandia National Laboratories has R&D programs involving thin film metal-

hydride systems of thickness to several ~m’s. Some of these systems contain mixtures of all

three hydrogen isotopes. In these systems the concentration of each isotope and their relative

abundance is of importance as well as the total number of hydrogen isotope atoms in the
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system. Knowledge of these concentrations is required to a high degree of accuracy, better

than 5’%0.Also of interest is the measurement of bulk and surface impurities, including

surface oxide thickness.

In this work we investigate the use of high-energy 4He beams in the elastic recoil

detection (ERD) analysis of hydrogen isotopes in solids to depths extending to several pm’s.

Our ERD analysis is similar to those proposed earlier 5Y6with the added capability of

simultaneously profiling all three hydrogen isotopes using a range foil and a AE-E detector.

A near-surface depth resolution of less than 0.2 ~m has been achieved. For the analysis of

metal-hydrides we have chosen an incident energy of 11.48 MeV in order to take advantage

of the peak in the lGO(ct,cx)lGObackscattering cross section at that energy which allows for

the sensitive and simultaneous determination of the thickness of the ubiquitous surface oxide.

In order to perform quantitative measurements of hydrogen isotopes in films, accurate

knowledge of the elastic recoil scattering cross sections in the energy range of interest is

needed. Very little data exist for helium incident on hydrogen isotopes in the energy range

10 to 20 MeV. Nurmela et. al. 7>8have carried out detailed analysis”for the H(4He,p)4He

recoil scattering cross sections in the energy range of 5.6 to 24 MeV. To date, we have found

no data in the literature for 2H and 3H recoiled by 4He+ projectiles in the energy range of

interest. Here we present preliminary cross section measurements for 4He* incident on lH

and 2H in the energy range of 10 to 11.75 MeV at a recoil angle of 30°.
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2. Results and Discussion

In this experiment an ErDz thin film was used to measure the elastic recoil scattering

cross sections for the H(ct,p)a and D(cz,d)a elastic recoil interactions at a fixed recoil angle



/
. .<

of $~ = 30°. The film contained a mixture of deuterium and hydrogen with the hydrogen

concentration being approximately 20°/0of the deuterium.

Cross section measurements were carried out in the following way. A ‘?IeH beam of

-3.5 nano-amperes from Sandia’s 6 MV EN Tandem Pelletron accelerator was directed onto

a solid target of thickness 0.5 pm and with known areal densities of Er, D and H. For these

initial cross section measurements the routine Sandia IBA chamber and beamline were used

in the standard ERD setup. The target normal was oriented at 72.5° as measured from the

incident beam (up-stream). Recoil products were detected at a laboratory angle of 30° after

passing through a 109pm Mylar range foil. A filly depleted Si suriiace barrier detector was

used to collect the recoil products. The solid angle subtended by the detector was 4.55 msr

(i 5%). Cross sections were measured over an energy range of 10 to 11.75 MeV for both the

D(a,d)ct elastic recoil interaction and the H(cx,p)ctelastic recoil interaction. Beam energy

was varied in 500 keV intervals for both measurements.

The target film used in this experiment was produced at Sandia National Labs. It

consisted of a 0.5 ~m thick ErDz film deposited on a molybdenum substrate. Hydrogen

isotope concentrations were measured by thermally desorbing the film and analyzing the

evolved gas on a Finnigan MAT 271 hydrogen isotope mass spectrometer. The uncertainty

of the total molar quantity of Hz and Dz within the film was M. 10/O.Atomic Absorption

Spectroscopy was used to measure the erbium content and found to be 0.1434 mg H.5’Yo.

The area of the film was measured to be 32.94 mm2 + 1% as measured onanNikonMM-11

MeasureScope. The areal densities of the hydrogen isotopes in the target were determined to

be 6.00x1017 atoms/cm2 of hydrogen and 2.85x1018 atoms/cm2 of deuterium. The uncertainty
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in the areal densities of the hydrogen isotopes was +1.5°/0. The areal density of erbium was

1.57x10*8atoms/cm2 *1 .3Y0.

Cross sections for the H(!He,p)4He and D(4He,d)%Ie ERD interactions were

determined using the relationship,

do(E) = A(E)cos6,

df2 iv..Q

where A(E) is the integrated area under the peak for a given recoil product at a specific

energy (see insert in fig. 1), 01 is the angle of the target normal relative to the incident beam

(up-stream), N the areal density of the recoil product within the target, K1the solid angle

subtended by the detector, which was known to + 5°Ain this experiment. Q is the total

number of a ions incident on the target and is measured by integration of the beam current.

The uncertainty in Q was + 5Y0. Cross sections determined from this work are plotted in

figure 1 together with data of previous work 9>10. Cross sections were determined from

previous work by reverse kinematic calculation of the elastic scattering cross sections for the

%Ie(p,p)4He interactions. Total uncertainties in the present measured cross sections are 7.3%

for the d(4He,d)’?le and 12.3% for the p(’?3e,p)4He. Uncertainties in the proton data are

higher due to differences in counting statistics. In Figure 2 we show a R13Sspectrum taken

from the ErDz film used in the cross section measurements. The oxygen peak from a surface

oxide layer (- 100A) is evident in the R.BS data.

A thick target spectrum from the D(’?3e,d)4He ERD interactions is presented in

Figure 3 as an example of how this technique can be used. The SCDZfilm, also produced at

Sandia National Labs, has a thickness of-4 pm. As a check on the validity of our cross

section measurements for the (a,d) interactions, we determined the deuterium areal density
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mass spectrometrically, as described above, and compared that value to that determined in

the ERD analysis of the thick film using our measured cross section. The value determined

mass spectrometrically was 2.89x10*9D atoms\cm2 +1.5°/0. From the ERD we obtained a

value of 2.69X1019D atoms/cm2 +7.3°/0,which shows good agreement with the actual value

obtained mass spectrometrically. Note that the counts below the peak shown in figure 3 are

due to multiple scattering events within the target, therefore making it difficult to determine

actual background contribution to the peak. An effort is underway at Sandia to better

understand the multiple scatter contribution.

3. Future Work

The uncertainties in the data presented above must be improved in order to meet our

accuracy requirement of <50/0in the overall determination of hydrogen isotope areal densities

in metal hydrides. Toward this goal we have designed and recently constructed a dedicated

analysis system to carry out high accuracy analyses and the high accuracy cross section

measurements required for the final phase of this H, D, T analysis project. The scattering

chamber is designed for the simultaneous use in ERD, RBS and NRA analysis, as well as the

accurate measurements of cross sections relevant to these analyses.

Beam current will be measured using a chopper system, which consists of a rotating

wheel with aluminum blades covered with a layered gold-chromium-gold film. This allows

for use with both low and high-energy helium beams. The chopper is rotated at 57 Hz. Prior

to each hydrogen isotope profile measurement, the beam current measurement system will be

calibrated by simultaneously measuring the yield of 4He* ions backscattered from the blades

and the beam current in a down-stream Faraday cup; in this manner an accurate
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measurement, <2°/0uncertain y, of beam current on target during subsequent analysis is

possible. Similar systems have been used previously 1lY12.

As with low energy hydrogen isotope ERD, 13 energj 10SSof the recoil products in

the film and the subsequent range foil will degrade the energy signal, causing overlap in the

energy peaks of the various hydrogen isotopes. Therefore, for measurement of the recoil

products, a AE-E detection system is be used. The AE detector is an EG&G Ortec series D

detector with a sensitive thickness of 22.1 ~m and an active area of 300 mm2. The stop

detector is an EG&G series B detector of 200 ~m active thickness and 300 mm2 active area.

For RBS and beam current monitoring, fully depleted silicon surface barrier detectors are

used. The use of a high-energy incident 4He+ beam coupled with a AE-E detection system

should allow for good isotope separation. Separation as a fbnction of depth is demonstrated

from calculations and is shown graphically in Figure 4a for an ErDz system for our AE-E

detector system. Figure 4b shows calculated achievable analysis depths for several H-

containing systems. These ranges have been calculated (in a similar fashion to those in 4a)

for ~e+ energies having 1 to 128 MeV. For the higher energies extraordinary depths should

be obtainable.

In order to improve energy and depth resolution a curved collimating slit 14 placed in

front of the foil-AE-E detector system is used to define a solid angle of 18.8 msr, + 1%. A

109 ym thick Mylar foil is placed in front of the slit to prevent scattered ‘%Iewprojectiles

from entering the detection system. Data will be acquired using a MPAWIN PC based

multiparameter data acquisition system.



4. Conclusion

We present a new technique for the analysis of the hydrogen isotopes in thick metal

hydride films using an incident 4He+ energy of 11.48 MeV: high energy He-ERD analysis

incorporating the use of a range foil and a AE-E detection system. The technique lends itself

to the analysis of H isotopes in several types of films extending to 10 ym in depth.

We also present preliminary results of cross section measurements for the

EI(!He,p)4Heand D(4He,d)%Ie elastic recoil interactions. The H(4He,p)4He cross section

measurement is in agreement with previous work fi-omthe cited references. In order to
,

achieve a desired total accuracy of better than 5°Aa more careild determination of these

collision cross sections is underway, as are cross section measurements for the T(~e,t)4He

elastic recoil scattering. A new range foil ERD system with AE-E detection is described

which would allow us, in principal, to meet these accuracy requirements.
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b) Example of ERD spectrum taken from same film as in a).
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