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In experiments using the TRIUMF solid hydrogen target system, the knowledge
of the target thickness and uniformity is often essential in order to extract physical
parameters from the data. We have characterized the thickness and uniformity
of frozen targets using the energy loss of alpha particles. An accuracy of ~5%
was achieved, a limit imposed by the uncertainty in the stopping powers. The

details of the method are described, and the thickness calibration of the target is
presented.
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1 Introduction

A target system for solid hydrogen developed at TRIUMF [1,2] has proven to be a
powerful tool in muon catalyzed fusion research. Several measurements have been
made [3] and more are proposed for the future [4,5,6]. One of the advantages of
the thin film targets is that one can perform cross section measurements using a
“beam” of pd, pt [3,4], or possibly pa [5,6]. In such measurements, knowledge of
film thickness and uniformity is essential, since the uncertainty in the thickness
directly enters in the final result.

The thicknesses of our hydrogen targets range from a few pg-cm=%(~1 um) to
a few mg-cm~2. Conventional thin film methods, such as optical interferometry,
would not work due to the cryogenic and spatial constraints. The energy loss of
alpha particles passing through the layer was used to measure the target thickness
and uniformity.

2 Measurement

The energy of alpha particles traversing a solid hydrogen film was measured with
a charged particle detector. With the knowledge of the stopping power, the energy
lost in the film can be converted to a thickness.

Fig. 1 shows a schematic view of the experimental setup. The general descrip-
tion of the TRIUMF target system is given in Refs. [1,2]. Americium-241 was
electrodeposited onto a gold-plated oxygen-free copper plate to form a custom-
manufactured! vertical array of five spot sources, each separated by 10 mm center
to center. The target plate was cooled to approximately 3 K, and the hydrogen
gas solidified upon it when introduced through the gas diffuser which could move
up and down. Although different deposition systems have been developed, the
present measurements used a perforated foil gas diffuser [1] which was placed at
a distance of about 14 mm from the cold plate. The results from other systems
will be reported elsewhere [7]. Alpha particles penetrating the hydrogen film were
detected by a silicon detector, which was mounted on the frame of the retractable
diffuser. The detector can thus move vertically to measure the alpha energy spec-
trum at the five different positions. The detector was collimated in order to reduce
the angular dispersion of the alpha particles and to accept alphas from only one
spot source at a time. A energy resolution of ~0.4% at a detector temperature
around 90 K was achieved.

The amount of gas injected into the system is quoted in units of Torr-litres
(TL), where one Torr-litre corresponds to the number of molecules in one litre of
gas at a pressure of one Torr and ambient temperature (295 K).

!sotope Products Laboratories, 1800 N. Keystone St. Burbank, CA, USA.
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Figure 1: Schematic views of the experimental setup.

The mean energy value < £ > was determined from the distribution function
f(E) in the alpha particle energy spectrum via:

<E>+e
/ f(E)EdE

<E—>E+e ! (1)
f(E)dE
<E>-e¢

<E>=

where € is a finite cutoff value. If we know Range(E), the range of alpha particles
as a function of energy, the thickness of the target can be obtained by:

Thickness = Range(< E;n;;>) — Range(< Eyiy >), (2)

where < FE;,;; > is the initial energy of the alpha particles and < E¢in >, the
energy after traversing the target.

Accurate knowledge of stopping power is important in order to determine
the thickness by energy loss. Detailed discussions of the slowing down process
of charged particles and a comparison of different stopping power and range ta-
bles are found in Ref. [5]. Two recent compilations by Ziegler et al. [8] and by
ICRU [9] are in good agreement with each other for the energies required for the
measurement. The ICRU table was employed for the analysis.

Estimating the uncertainties in the stopping powers is difficult, since no ex-
perimental data are available for heavy charged particles slowing in the solid state
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Figure 2: Linearity of deposition. Figure 3: The measured thickness pro-
Thickness is plotted as a function of file for hydrogen targets, compared
the injected gas. The solid line is a with Monte Carlo calculations with
least-square fit to the data points. different emission models.

of hydrogen (except at a few keV energies). After a detailed survey of the physical
phase effect on the stopping power [5], a conservative uncertainty of 5% is quoted.
This uncertainty limits the precision of the measurement.

Other sources of systematic uncertainties were investigated, but found to be
small compared to the above. These include the effect of cut-off value € in Eq. 1,
the angular dispersion of the alpha path, and calibration of the detector. The
systematic errors from these sources, as well as the statistical error, were added
quadratically to obtain the total uncertainty.

3 Results

Measurements were made with films made from different input gas and with differ-
ent deposition conditions. Data for the central source spot from various protium
films are plotted in Fig. 2. The solid line is a least-square fit to the data, which
confirms the linearity of the deposition. Similarly, the other spots on the target
show a very good linearity. There is no evidence of saturation in the thickness for
increasing gas input up to 400 Torr-litres, permitting the extrapolation to thicker
targets which cannot be directly measured due to the limited range of the 5.5
MeV alpha particles.

The calibration factor, target thickness per unit gas inputs, was determined
from the slope of the linear fit, and the values for each spot are presented in
Table 1 for both protium and neon films. The calibration factors for deuterium
and tritium must be multiplied by 2 and 3 respectively, due to the molecular
weight difference.
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4 Discussion

The results shown in Table 1 should be used with caution, when applied to beam
experiments. Due to non-uniformity, the average thickness of a target depends on
the width and profile of the beam which stops in the target. An effective average
thickness is defined via:

Teff — M (3)

Ywi

where T; is the thickness at the ¢th source spot, and w; the weighting factor. A
weighted root-mean-square deviation of thickness is defined via:

AT = \/ Z“’i(’g; 1_Te”)2. (4)

Assuming a gaussian beam distribution with a 30 mm FWHM, for example, and
in an approximation considering only the vertical dimension, we obtain 7¢//=
3.20 pg-cm~? per Torr-litre gas input with ATS/= 0.31 pg-cm~2 for a protium
target.

In order to better understand the mechanism of film deposition, Monte Carlo
simulations were performed with the following assumptions: molecules originate
uniformly from the gas diffuser surface, they stick to the cold surface at the po-
sition of first contact, and there is no interaction between the molecules. The
last assumption can be justified from the requirement to maintain low pressure
during deposition to keep the target film temperature cold, i.e., a significant in-
termolecular interaction would cause heat conduction from the diffuser (~90 K)
to the target foil (~3 K). Three different models for the angular distribution
of molecules emitted from the diffuser surface were used in simulations; (1) the
forward emission model assuming @ = 0, where 8 is the emission angle with re-
spect to the normal direction of the diffuser surface, (2) the isotropic emission
model assuming dQ2/d(cosf) = constant, and (3) the cosine § emission model us-
ing dQ/d(cosf) = cosd. There were no free parameters in the simulation. Fig.
3 compares the simulation results with the experimental data. The measured
thickness profile is close to the cosine 6 model (3). The results of simulations give
some guidance when scaling the thickness as a function of the distance between
gas diffuser and target support foil.

The origin of the asymmetry in the measured thickness profile is not under-
stood. It is unlikely to be an effect of gravity on the target, since the relative
non-uniformity remains constant over a wide range of the total thickness. The
shape may be partly explained by the fact that the gas is introduced from the
bottom of the diffuser system, hence gas molecules may have a larger probability
of diffusing out at the bottom rather than the top of the diffuser.
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Table 1: Results of the thickness measurement at different vertical positions. For
definition of source positions see Fig. 1.

Source position from | Thickness (pug/cm? per Torr-litre)
target center (mm) H, Ne

20 3.00+0.16 31.56+1.9

10 3.56 £ 0.18

0 3.35+0.17 325+ 2.0

-10 2.97+0.15

-20 2.544+0.13 24.7+£1.7

As a method of measuring thicknesses of thin films, the present work can
be applied to a relatively wide range of film thicknesses, e.g. a few ug-cm=2 to
about 1 mg-cm~2 for protium. The accuracy of the measurement is limited by
the uncertainty in the stopping power in most cases, but the relative accuracy
can reach a 1% level. Muon catalyzed fusion could be also used as a mono-
energetic alpha (or proton) source, as suggested in [5,10], instead of radioactive
isotopes. The present method is applicable to other experiments using thin film
targets [10,11].
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