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LETTER TO THE EDITOR 

Electron emission from foils induced by energetic heavy-ion 
impact 

R A Sparrowt, R E Olsont and D Schneidert 
t Physics Department, Univenily of Missouri-Rolla. Rolla, MO 65401, USA 
$ High Temperature Physics Division, lawrence Livermore National Labaratary, 
Livermore, CA 94550, USA 

Received 24 March 1992 

AbslrseL Doubly-differential cross Sections have been measured and cdlculalcd for the 
electron emission produced by mllisions of 3.5 MeV a-' U38+ on thin carbon fails. 
The electron emission is observed in both forward and backward directions. Calculations 
are in reasonable agreement.with the experimental resulfs in tolh shape and absolute 
magnitude. At intermediate foil thicknesses, a double binary peak stmdure is observed 
that i s  due' to 0- binary electrons k i n g  elastically scattered lo  angle 0 along with those 
that arc produced at 8 and suffer no large-angle scattering events in the foil. Absolute 
electron yields show that several hundred electrons are released per ion impact. The 
computed time evolution of the forwardly emitted electrons indicates that the electrons 
tend to follow the ion for thin foils, but precede the ion in thick foils. 

The study of electrons emitted from foils by the transit of energetic, heavy ions has 
been the subject of several experimental investigations (see, for example, Ibburen er 
ai 1982). However, theoretical developments have lagged behind the experimental 
ones due to the difficulty in accurately predicting the multiple ionization of a target 
by the impact of a highly-charged ion. The development of the n-body classical 
trajectory Monte Carlo (ncruc) method for ion-atom collisions (Olson er ai 1989) 
provides some understanding of these collisions. 

There are several practical reasons why the dynamics of electron emission by 
heavy-ion impact is attracting interest. One reason is because accelerated heavy ions 
are now being used in radiotherapy (Kraft 1987, lbburen et al 1989). Another rea- 
son is that the heavy ions present in cosmic rays, albeit a small component, have 

?.?ore= 
over, heavy-ion inertial nuclear fusion schemes are in critical need of a complete 
understanding of beam-pellet shell interactions. 

This letter presents experimental results for the impact of multiply-ionized heavy 
ions on thin carbon foils. The systems studied experimentally are 3.5 MeV U-' U3*+ 
on 20 and 44 pg anw2 carbon foils. A theoretical model has been developed which 
utilizes information about the multiply-ionized electrons from the n m c  method. 
The ionized electrons produced in single collisions of the  ion with the carbon target 
are then numerically transported until they exit the foil, using simultaneous energy loss 
from d E / d z  measurements and angular scattering from elastic quantal calculations. 
Hence, the angular and energy straggling of the electrons are treated simultaneously, 
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removing the necessity to make assumptions about the electrons' paths from their 
initial scattering angle (Schiwietz ef a1 1990). In this work we treat fast electrons, 
E,, >, 100 eV, to remove the distraction of electron-surface interactions and poten- 
tials. 

The set-up for the 3.5 MeV U-' U38t experiment has been described previously 
(Schneider el a1 1989). The ion beam was produced at the Super HILAC of the 
Lawrence Berkeley Laboratory. Ion beam currents of 5 to 10 nA were collimated to 
a s p  skc u i  4 inin2 priur LU enrering a magnericaiiy snieiueu scattering chamber. 
The ion beam was at normal incidence to the carbon foils and was collected in 
a Faraday cup. The secondary electron emission was detected by an electrostatic 
90' parallel-plate analyser which could be moved to different angles with respect to 
the incident ion beam. The intrinsic energy resolution of the analyser is 8% (FWHM), 
the solid angle is 6 x SI, and its overall efficiency is 30%. The base pressure in 
the chamber was kept at about 3 x lo-' Tbrr. 

The absolute doubly differential electron emission yields were determined (Schnei- 
der er a1 1989, Schiwietz et a1 1990) with an error of *a%, which is primarily due to 
uncertainties in the collected charge and detector elliciency. The relative uncertainty 
with regard to electron emission angle is typically +15%. 

The theoretical method will be briefly described in this letter. A full description 

a full paper on the subject. The model is a numerical one and is not based on the 
Landau and GoudsmitSaunderson transport methods that have been conventionally 
applied to this problem (Lencinas et a1 1990). The carbon foil is assumed to be 
amorphous. 

For the calculations considered here, 20 Mx) multiply-charged ions were passed 
through the foils. At each collision with a carbon atom (approximately 
20 collisions/pg/cm2), an i ~ m c  calculation was performed in order to obtain the 
initial burst of electrons which are then transported through the solid. The projec- 
tile ion was assumed to maintain its initial charge state as it traversed the foil. A 
Hartree-Fock-based model potential was utilized to represent the electron screening 
on the partially-stripped projectile ion (Gawey el a1 1975, Green el a1 1969). All six 
target electrons were explicitly included in the target representation. 

The eiectrons reieased at each coiiision oi <be projectiie with the target were then 
transported through the solid using an energy loss d E/dx determined by the Bethe- 
Block method which was normalized to experimental results (Lencinas er a1 1990). 
The angular scattering of these electrons was determined by partial-wave quantal cal- 
culations of the elastic differential cross sections evaluated at each electron energy 
assuming a static Hartree-Fock interaction for the carbon. The azimuthal scattering 
angle of the electron was randomized, and its position coordinates recorded. Each 
secondary electron was numerically followed until it either exited the foil or its trans- 
lational energy decreased to below 100 eV When the electron exited the foil, its 
energy and angle was recorded for subsequent determination of the doubly differ- 
ential electron yields. These cross sections were also integrated over all angles and 
energies to determine the total electron yield produced per ion impact. Since a real- 

of the emitted electrons relative to the position of the projectile in the foil. In total, 
about 10" collisions were numerically evaluated, requiring several hours on a desktop 
workstation computer. The electron transport was benchmarked against experimental 
results for the angular and energy straggling of monoenergetic electrons incident on 

and the intermediate benchmarks used to va!idate the theoy wid! he given !ater in 
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thin carbon foils (Lencinas er a1 1990). Excellent agreement between theory and 
experiment was realized. 

The doubly differential electron yields for 3.5 MeV U-' U3"f ion impact on a 
44 pg an-' carbon foil are given in figure 1. Both the experimental and theoretical 
results are on an absolute basis and have not been normalized with respect to one 
another. In general, there is agreement within a factor of two between the calculations 
and the experimenta! resu!~ ,  Major discrepancies are present, however, in the binary 
peak region around 6 keV electron energies for scattering at angles less than 40'. 
At backward angles, there is good agreement in the shapes of the electron yields, 
but the experimental magnitudes are underestimated by approximately a factor of 
three. The total electron yield per ion is calculated to be 254, and rises to 373 and 
533 electrons/ion for 100 and 1000 pg cm-2 thick foils, respectively. Experimental 
results indicate that the yield should saturate at approximately 900 electrons emitted 
per ion for a very thick target and at an equi1ib;ium charge state for the U ion 
(Rothard et a1 1990). Since the equilibrium charge state of the 3.5 MeV u-l projectile 
in solids is closer to SO+ (Berg ef a1 1988). a q'-scaling of the experimental result is 
520 electrons/ion, which is in reasonable agreement with the calculations for U3". 

Closer examination of the 3.5 MeV 21-l U"+ results around 40" reveals an 
interesting double-peak structure present in both theory and experiment for both 
20 and 44 pg cm-2 foils (figure 2). TI help interpret the results, we also present 

Figure L Doubly differenlial eleclmn yields for 3.5 M e V  U-'  U3'+ passing ihmugh 
a 44 pg carbon foil. The data p ints  are absolute experimental resulls and the 
curves are the resulls of the nlculalions described in lhe text. 
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Figure 2. Binary peak structure lor  3.5 MeV U-' UJBt ions passing through carbon 
foils of valying thicknesses. ?he full cuwcs arc calculated re~ults, while the broken 
C U N ~  for U )  and 44 pg an-' foils are the data which also display the double binary 
peaks at ejected electron energies of approximately 4.5 and 7.6 keV. 

calculations for 1, 10 and 100 pg cm-'. Here, for the very thin foils one observes a 
well pronounced binary peak at 

E, = 2m,(p/m,)2v2cos28 

where p is the reduced mass of the electron-projectile system, me the electron mass, 
and 0 the electron's initial ejection angle. For a 3.5 MeV U-' projectile scattering 
an electron to 400, this corresponds to an electron energy of 4.5 key However, as 
the foil thickness is increased, a shoulder develops which extends to 7.6 keV These 
electrons are binary electrons initially produced by a hard collision between projectile 
and target electron with the electron scattered to 0'. Subsequent collisions of these 
hot electrons with foil constituents give rise to wide angle scattering. Since the 
average energy loss, d E / d z ,  is small for fast electrons, there is little energy loss for 
the electrons originally born in a 0' scattering event with the projectile. 

In many applications, it is important to know the time evolution of the electrons 
emitted from a thin target. This information is directly available from our numerical 
evaluations. The 3.5 MeV U - ]  U3a+ projectile on carbon foils was used to illustrate 
the different behaviour with foil thickness. In figure 3 are shown the percentages of 
total electrons emitted as a function of the position of the projectile in 1, 10 and 
100 pg cm-' carbon foils. In the forward direction, 8 < 90'. we find only 12% of the 
electrons being emitted, before the projectile exits, for a very thin foil of 1 pg 
while with a thick foil of 100 pg cm-' almost 75% of the electrons precede the 
projectile. Moreover, for the thick Coil, a major fraction of the electrons are emitted 
just as the projectile exits the foil. The reason for such behaviour is that the range 
of the slow electrons produced in the foils is sulhciently small for these electrons to 
be absorbed in a thick foil and never exit. Only the electrons born in hard collisions 
with the projectile deep in the foil find their way to the surface. For backward- 
emitted electrons a different behaviour is found (figure 3). Here, the electrons tend 
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to be slow (figure l), so that in thin foils the projectile has exited the foil before 
they are emitted. For thick targets, however, a major fraction of the electrons are 
emitted while the projectile is still in the foil, the reason being that the slow electrons 
scattered to backward angles have reduced ranges and are predominantly born near 
the entrance of the projectile in the foil. 

Forward emined electrons Backward emitted electrons 
I - .  
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Flgurr 3. Cumulative electron yields emitted in the forward and backward directions as a 
function of the ion's position relative to the fail; the full, *on-broken, and long-broken 
Cuwes were calculated tor 1, 10 and 100 f i g  cm-' foil thicknesw$ RSpeC~iVCly. ?he 
absolute yields were 24, 118 and 351 electronslim in the folward direction. and 24, 18.4 
and 22.4 electmnslion in the bacLwxd direction for the respective foil thicknesses listed 
above. 

In conclusion, a new theoretical method for electrons produced in dense tar- 
gets has been developed that employs a recent single-collision model ( n m c )  that 
improves the understanding of multiple-ionization collisions. Numerically intensive 
calculations are then used t o  transport the secondary electrons through the target. 
The electrons' energy losses and angular scattering are treated simultaneously. An 
interesting double binary peak has been observed for intermediate foil thicknesses, 
and confirmed by these calculations. Because the ion and electron positions are 
computed as a function of time, it is possible to predict the time evolution of the 
electrons relative to the position of the projectile inside and past the foil. Different 
time dependencies are presented, and are directly related to the foil thickness. 

There is m m  for considerable improvement and sophistication of the theoretical 
model. A complete model should include the charge-state evolution of the projectile 
as it approaches its equilibrium charge in the foil. In the cases presented, the ion 
charge state was less than the thick solid target equilibrium charge state; this effect 
has not been accounted for in the calculations. Moreover, excitation and electron 

has 
not been included either. On a similar system, 8 MeV 21-l U'", we found the 
electron capture to excited states, followed by impact ionization of these electrons, 
to be a minor component of the electron yields and only contribute approximately 
20% to the doubly differential electron yields at low electron energies. However, 

apiuie by ihe pioje"iie Wiih ihe su'osequeoi siiippinb of ihese 
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even with the above complications, the application of basic atomic collision models 
to dense targets is a challenging problem with many obvious applications. 

This work was supported by the Weldon Spring Foundation of the University of 
Missouri (RAS and REO), and by the US Department of Energy under contract no 
W-7405-ENG-18 (DS).: 
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