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Erosion of thin carbon foils by 20 keV and 

40 keV Ar' irradiation 

H.O. Funsten and M. Shappirio 
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Abstract 

Nominal 2 pg/cm' carbon foils were irradiated with 20 keV and 40 keV Ar' ions at fluences of up 

to 1.1 x 10l6 Ar+/cm2. The foil erosion, which was determined by measuring changes in the angular 

scatter distribution of 2 keV protons transiting the foil, is observed to reach a constant rate of 3.5 

C atoms removed per incident Ar'. The independence of the sputter yield on foil thickness 

indicates that interactions leading to sputtering occur within a depth of 0.5 pgkrn' of the sputter 

surface. Using theoretical and TRIM estimates for the backward sputtering yield, the 

transmission sputtering yieid is a factor of 3- 16 times larger than the backward sputtering yield. 

The fraction of holes created in the foil by Ar' irradiation linearly increases with fluence above a 

fluence of 4 ~ 1 0 ' ~  Ar"/cm', and the foil lifetime is 8 . 7 ~ 1 0 ' ~  Ar'/cm': 
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1. Introduction 

Thin carbon foils are used extensively in particle diagnostic instrumentation. for example 

as secondary electron emitters in time-of-flight (TOF) mass spectrometry and for charge 

modification of ions or neutral atoms [ 1,2]. In these applications. particle energies are typicaily < 

100 keV, and quantification of radiation-induced damage in this energy regime is necessary to 

characterize instrument performance. 

Thin carbon foils are routinely used as charge stripping targets in accelerators. At MeV 

beam energies, physical radiation-induced damage such as foil thickening, shrinkage, and tearing 

has been clearly observed [3-61. The origin of this damage has been attributed to hydrocarbon 

cracking, radiation-induced chemical effects, and defect accumulation [3,6-91. At MeV energies, 

in which the nuclear stopping power is much less than the electronic stopping power. sputtering 

plays only a small role in damage to the foils [6]. 

At keV energies, in which the nuclear stopping power is larger than the electronic 

stopping power, foil erosion by sputtering is a major contributor to foil damage. In this study, we 

examine erosion of thin carbon foils by 20 and 40 keV Ar‘ irradiation and quantify hoIe 

formation in the foils that degrades instrumentation performance. 

2. Experimental Apparatus 

Fig. 1 illustrates the experimental apparatus used to study foil erosion. A monoenergetic. 

mass-analyzed ion beam was directed through a 0.64 cm aperture (aperture A I ) and onto a foil 

target, which was surrounded by a secondary electron suppression can biased to -200 V to ensure 

an accurate measurement of the ion current incident on the foil. Nominal 2 pg cm” carbon foils 
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were mounted on a 333 line-per-inch Ni grid. Close behind the mounted foil was a 1 mm 

diameter aperture (aperture A2). 

As will be described in Section 3, the foil thickness was measured by comparing the 

measured scatter distribution of 2 keV protons that transit the foil to a theoretical scattering 

model. The scatter distribution was measured by rotating the foil target 180" so that the protons 

transited aperture A2 before striking the foil, and then acquiring the scatter distribution using a 

position sensitive imaging microchannel plate (IMCP) detector located 5.1 cm from the foil. 

Intermittently during A I  irradiation of the foil, a scatter distribution of 2 keV protons was 

acquired to determine the thickness change resulting from the Ar' irradiation. The Ar- beam 

current on the foil target, which was measured every second, was typically 30 nA, and the A i  

fluence 0 was determined by integrating the beam current over the irradiation time. Aperture A1 

was used to uniformly bombard a large area of the foil so that the measurement of the scatter 

distribution using the smaller aperture A2 represented a uniformly bombarded region of the foil. 

3. Foil thickness and hole fraction measurements 

The foil thickness was derived by measuring the angular scattering halfwidth vln and 

calculating a thickness using scattering theory, The measured scatter distribution S( y) is fit to 
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where So is the distribution maximum, y is the scatter angle, G describes the distribution width. 

and b is a weight parameter describing the tail width. The scattering halfwidth at half maximum 

of this distribution is 

-b 
yy1/2 = 6 (26( 211b - I)) 

Fig. 2 shows the measured normalized angular scatter distributions (points) of 2 keV protons 

before and after irradiation by Ar’. The scatter distribution after Ar’ irradiation consists of the 

sum of two distributions: the angular scatter distribution from protons transiting hole-free regions 

of the foil and a high count region, called the hoie distribution, in the central region resulting 

from protons passing unscattered through holes in the foil [ 11,121. The solid lines. which are fits 

to the scatter distributions using Eq. 1, agree well with the data. 

From multiple small-angle scattering theory [ 13,141, we represent angular scattering of a 

projectile by a foil using reduced units. The reduced scattering halfwidth is 

where m is the atomic mass and the subscripts 1 and 2 refer to the projectile and target, 

respectively. The reduced energy is 
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Y3 -1,2 where the Thomas-Fermi screening parameter Q equals a,,(Z1’3+Z? ) , a. is the Bohr radius. 2 is 

the atomic number, E is the particle energy, and e is the electron charge. The reduced thickness is 

7 z = m - N t  

where N is the atomic density of the foil and t is the foil thickness. 

To obtain a foil thickness from the scattering distribution, we calcu!ate If/!,z from the 

measured ty,n using Eq. 3, determine the corresponding reduced thickness z from the function 

‘y,,,(z) derived from the scatter theory [ 13,141, and obtain t using Eq. 5. Derivation of the foil 

thickness assumes a foil composition of carbon. 

As the Ar+ beam erodes the foil, holes are created. These holes can degrade the 

performance of a thin foil used for charge modification or secondary electron emission, e.g., as in 

foil-based TOF mass spectrometry. The fraction of holes in the area bombarded by protons is 

defined asf, = (qm - C, )L& where qrn is the total number of counts in the measured scatter 

distribution and C, equals the total counts in the fit of Eq. 1 to the tails of the scatter 

distribution, Le., with the central region containing the hole distribution removed. 

4. Results and Discussion 
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Fig. 3 shows the foil thickness t as a function of the Ar- fluence CD. For both 20 keV and 

40 keV Ar’ irradiation, t initially decreases rapidly until 

linearly with increasing fluence. The rapid initial decrease of t likely results from sputtering of 

= 1 OA5 Ar’km’, and then decreases 

adsorbed species and residue from the parting agent used to mount the foil. The adsorbate and 

residue are easily sputtered since they are lightly bound to the foil. Furthermore, they contain 

heavier atomic species than C which causes larger angular scattering of the 2 keV protons and 

therefore overestimates the foil thickness that was derived assuming a composition of C only. 

For <p 2 10’’ Ar’/cm’, the foil is eroded at a constant rate, as illustrated by the dotted and 

dashed lines which are fits to the data for which Q, 2 

lines to Q, = 0 indicates that the initial carbon foil thicknesses are 25% and 36% less than the 

nominal value of 2 pgkm’ cited by the manufacturer. The erosion rate for both 20 keV and 40 

keV Ar’ irradiation is approximately 0.07 pg/Ar*, which corresponds to a total sputter yield of Y 

= 3.5 carbon atoms per incident Ar’. 

Ar’km’. Extrapolation of these fitted 

We now investigate the variation in sputtering from the entrance (backward sputtering) 

and exit (transmission sputtering) surfaces of the foil. The total sputter yield Y consists of the 

sum of the backward sputter yield Y, and the transmission sputter yield Y,  i.e., Y = Y,+Y,. For 

20-40 keV Ar’ irradiation of C ,  sputtering theory predicts Y, = 0.9 [ 151, while TRIM [I61 

predicts Y, = 0.2. Based on these estimations and using Y = 3.5. Y,  likely lies within the range of 

2.6 to 3.3 and the ratio Y,l Y,  ranges from 3 to 16. This enhancement transmission sputtering 

yield is expected since transmission sputter consists primarily of recoil atoms. which 

preferentially have a velocity in the direction of the incident beam 115,171. 
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As previously stated. the erosion rate for 20 keV A i  irradiation decreases linearly with 

increasing @ for @ 2 lOI5 Ar-/cm’. This linearity indicates that the sputter yield is independent of 

the thickness, and backward and transmission sputtering can be treated independently as 

sputtering from semi-infinite slabs. Since this linear dependence is observed down to a foil 

thickness of 0.5 pg/cm’, the upper bound for both the range of the recoils in the foil and the depth 

of the energy density function [ 15,171 from which sputtering originates is 0.5 pg/cm’. 

Figure 4 shows the hole fractionf, of the region bombarded by 2 keV protons as a 

function of Q,, Significant formation of holes does not occur until a threshold fluence of Q, = 

3 .5~10 ‘~  Ar+/cm’. Above this threshold, the hole fraction increases linearly with increasing @ for 

both 20 keV and 40 keV Ar’ irradiation. After a dose of Q, = 10.7~10’~ Ar’/cm’, at least 73% of 

the foil contains holes. While the observed holes in the foil could result from erosion of thin 

regions of the foil, they could also be formed by structural changes in the foil resulting in 

localized foil tearing similar to tearing is observed from MeV irradiation [6,9]. 

The foil lifetime, defined here as the fluence a,,* corresponding a hole fractionf, = 0.5, is 

QIR = 8 . 7 ~ 1 0 ’ ~  Ar*/cm‘. This compares to the foil lifetime resulting from 1.2 MeV Ar- irradiation 

of a 5 pg/cm2 carbon foil of @,a = 10” Ar+/cm’ [7]. 

In summary, we have quantified damage to 2 pg/cm‘ carbon foils by 20 keV and 40 keV 

Ar’ irradiation. A constant sputter yieId of 3.5 is observed and indicates that the sputter process 

originates within a depth in the foil of 0.5 Fg/cm’. The transmission sputter yield is 3 to 16 times 

Iarger than the backward sputter yield. The creation of holes in the foil is a apparently a threshold 

phenomena, and the rate of hole formation is observed to increase linearly with increasing Ar’ 

fluence. 
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Figure Captions 

Fig. 1. The experimental apparatus consisted of beam-defining apertures. a foil target within a 

secondary electron suppression can, and an imaging microchannel plate detector. The foil was 

irradiated with 20 keV and 40 keV Ar’. For the angular scatter measurement of 2 keV protons, 

from which the foil thickness is calculated, the foil target was rotated 1 SO0, and the proton beam 

transited aperture A2 before striking the foil. 

Fig. 2. The normalized angular scatter distributions of incident 2 keV protons after <f, = 0 and @ 

= 7.4~10’~ Ar+/crn’ show an initial hole-free foil and, after irradiation by Ar’. a large fraction of 

holes in the foil as indicated by the presence of the hole distribution. The solid lines are fits of 

Eq. 1 to the scattered proton data. 

Fig. 3. The foil thickness, derived from the angular scatter distribution of 2 keV protons, is 

depicted as a function of the Art fluence. For 

incident Ar’ is observed for both 20 keV Ar’ (triangles) and 40 keV Ar’ (squares). 

> IO’’ ionslcm’. a sputter yield of 3.5 C atoms per 

Fig. 4. The fraction of the foil consisting holes is depicted as a function of ion fluence. The rate 

of hole formation for Q, > 4 ~ 1 0 ’ ~  ions/cm’ is similar for both 20 keV and 40 keV Ar’. The dashed 

line represents a linear fit off,(@) to cf, for cf, > 4 . 5 ~ 1 0 ’ ~  ions/cm’. 
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Funsten and Shappirio, Fig. 1 
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Funsten and Shappirio/Figure 2 
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Funsten and Shappirio/Figure 3 
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Funsten and Shappirio/Figure 4 
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