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Dependence of secondary electron emission on the emergent angle of 2.5-MeV protons
penetrating a thin carbon foil
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With 2.5-MeV proton beams incident on a carbon foil of Lg/cn? in thickness, the statistical distributions
of the number of simultaneously emitted secondary elect(6&s have been measured as a function of the
emergent angle of ions penetrating the foil in the range from 0.0 mrad to 2.0 mrad for every 0.5-mrad step. The
measurement of SEs was carried out at the forward and backward directions of the incident beam separately.
For all of the measured angles, the probability of simultaneoeisctron emission per projectilé/,,, exhibits
roughly an exponential decrease with increasindgJp to ~1 mrad, however, the decreasing rate becomes
smaller with an increase in the emergent angle. On the other kgnckaches saturation at larger angles. This
behavior is common to the forward and backward SE emission. In terms of this angular dependence, the
average SE yields per projectile at the forward directipn, and at the backward directiotyg, increase as
high as about 50% at 1.0 mrad compared with corresponding ones at 0.0 mrad and saturate at larger angles. As
a result of a Monte Carlo simulation taking account of the impact parameter dependent energy loss in a single
collision of a proton with a carbon atom, it is found that the calculated energy losses exhibit a quite similar
emergent angle dependence to that of the measured SE yields.
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I. INTRODUCTION mediate energiefower than 1 MeV [12-17, it has been
reported that the energy loss of foil-transmitted ions in-
Kinetic emission of secondary electro(®E9 from solid creases at larger emergent angles due to the impact-
surface under fast ion bombardments is one of the very imparameter dependence of the electronic energy loss in a
portant phenomena in ion-solid interactions and has beesingle ion-atom collision. Similar behavior is observed also
studied intensively for a long timil,2]. Sterngrass has pro- for heavier iond18]. Since relatively large number of inter-
posed that the SE emission is described by the three-steml SEs or those with higher energies are produced at small
processes. First, the creation of excited electrons via colliimpact-parameter collisions, the angular dependence is ex-
sions of projectiles with target atoms in the solid. Then thepected to be observed also in the SE yields. In order to obtain
transport of liberated electrons through the bulk to the sura clear angular dependence of the energy loss with energetic
face including higher-order ionizations by high energy inter-light ions, a finite energy resolution of particle detectors im-
nal SEs. Finally, there is the transmission through theposes the measurement with rather thick target foils on us.
surface-potential barridi3]. Since the total energy per unit This weakens the constraint on the impact-parameters in the
length deposited to the excited electrons produced in the firgndividual collisions. On the other hand, there is less restric-
step is proportional to the electronic stopping power of thetion for the measurement of number distributions of simulta-
target materialS,, a linear relation between the electronic neously emitted SEs. In energy-loss measurements with
stopping and the SE yields, the average number of the intermediate- or low-energy light ions or with heavy ions
emitted electrons per projectile, is predicted theoreticallypenetrating a thin foil, the thickness nonuniformity of target
[3-5] as foils hinders us from investigating the details of the impact-
parameter dependent inelastic energy [d€s-22. As is dis-
vi=ASs, (1)  cussed later, however, this effect is diminished in the SE
emission.
whereA; is the so-called material parameter depending only In the present work, the statistical distributions of the
on the target materigB—5]. The indexi can stand foB for  number of simultaneously emitted SEs from a carbon foil of
the backwardfrom the beam-entrance sidé= for the for- 1.8 ug/cn? by 2.5-MeV proton impact have been measured
ward (from the beam-exit sideor T for the total SE yields as a function of the emergent angle of foil-transmitted ions in
('yr= et vg). For proton impact on several kinds of metal, the range from 0.0 mrad to 2.0 mrad. The measured SE
approximately linear relations betwegpg andS, have been yields are compared with energy losses calculated by a
observed experimentally over a wide energy range of a fewmonte Carlo simulation taking account of the impact-
keV to tens of MeV[2]. parameter dependent electronic stoppings in a single colli-
In previous experiments with energetic protoiseveral  sion of a proton with a carbon atom.
MeV) [6—11], as well as protons and helium ions of inter-

Il. EXPERIMENT

*Present address: Kerne Physik Il, GSI, Planckstr. 1, D-64291 The experiment was performed with 2.5-MeV proton
Darmstadt, Germany. beams obtained with a 1.7-MV tandem Van de Graaff accel-
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erator at Nara Women'’s University. The proton beam was 1% ¢

transported to a target carbon foil using the same method t & Forward s , Backward
described in Refd.23,24. The incident beam is collimated ;‘10_1 [ ¥ 1 s ]
with two diaphragms of 0.2 mm in diameter and 224 cm = ¥ ] E
apart. A baffle of 1.0 mm in diameter was placed 5 cm be- 2 [ ° i ! P
hind the second diaphragm to prevent edge-scattered parg 10'2;‘ o3 o8 3
ticles from hitting the target. The target foil was placed 7 cm : en E el Q ]
behind the baffle and tilted by 45° relative to the normal £ sl *t a8l *"ic]
angle of incidence. The foil was floated at a potential of S [, 0.0 mrad om MR
—30KV. The emitted electrons are accelerated to a® 4[| ®0.5mrad o]
grounded electrode that is parallel to the foil and 40 mm & 0 | -0 mrad oi E
. . bl o 1.5mrad 3
away. At the grounded electrode a solid-state Si detector o 2.0 mrad ]
(SSD of 100 mnt sensitive area faces the target foil. The 1% o1 P E——

thickness of the carbon target foil was determined to be 0 ° NUMBER 62— ELECTF{ONSn >
1.8 pg/en? by measuring the transmitted fraction of 2.5-

MeV H°, while accounting for the electron-loss and capture FIG. 1. The measured emission probability as a functiom of
cross sections involved25]. The independently movable emitted SEs for a given event in which a 2.5-MeV proton emerges
vertical and horizontal slits were located about 70 cm behind©m @ carbon foil of 1.8:0.1 ug/en? at any of the angles listed.
the target and used to define the emergent angle of transmit- _ .

ted protons. Their widths were determined to be 0.265 mnjVhereFq(E) andY, denote the normalized energy distribu-

(vertica) and 0.300 mnthorizonta) with a Tiyoda LTG bi- tion and the qumber of Fotal events havingemitted elep.-
All microscope of £1 um position resolution. The angle- trons, respectively,(E) is expressed by the superposition

resolved protons were detected by a Si photodiode off n+1 Gaussian functions that correspond to the number of

800 mn? sensitive area. The geometrical parameters detel@lectrons backscattered through the detector surface. All of

mining the angular spread of the incident and detected pro_t-he parameters such as the electron backscattering probabil-

tons have been taken into account properly in the Montdly at the detector surface, it factor, the energy resoll_Jtion
Carlo simulation to evaluate energy losses depending on tHd the SSD, and so forth were also determined simulta-
emergent angle. The energy spectrum of simultaneousl€CUSIY- In the present analysig,s,, the maximum number
emitted electrons was measured in coincidence with thes Simultaneously emitted SEs observed in the spectra
protons. The measured emergent angle was in the range frofnged from 11 to 15.
0.0 mrad to 2.0 mrad for every 0.5-mrad step. The forward e obtain a result of the expectgdas
and backward measurements were carried out separately. Nimax
. It shoulq be meptioned that our meas_urements were car- y= 2 nW, with W,=Y,/N, 3)
ried out with a typical pressure of5x10 7 Torr, and no n=1
prior treatment to the target foil had been applied. As a con-
sequence, the present data seem to include some effects ¥iereN andW, denote the number of detected protons and
adsorbed contaminants. It is well known that the SE emisthe probability of the simultaneous emissionroglectrons,
sion is very sensitive to the surface conditions of the [fb]] reSpeCtiVEly. In the coincidence measurement, the probablllty
On the other hand the SE vyields may also be affected b@f no SE emissionW,, can also be determined by
surface modifications induced by the incident beam; how-
ever, the coincidence measurement requires very low beam
intensity, and the obtained results seem to be free from such
modifications. As a consequence, there might be some dis-
crepancies between the present absolute values and those ob-
tained with sputter-cleaned foils in an ultrahigh vacuum. But
the relative change of the SE emission depending on the Figure 1 represents the distributions of emission prob-
emergent angle of transmitted ions is expected to be indepemilities, W,,, for n=<10. Due to the poor counting statistics,
dent of the surface condition of the foil. data points forn>10 deviate upward or downward from
smoothly decreasing curves asincreases. For all of the
measured spectra, however, the SE yields obtained from the
summation up tem=10 in Eq.(3) did not differ by more than
The analysis of electron energy spectra detected by th@% compared with those from=np,,. For all of the mea-
SSD was carried out by a similar method to that presented igured anglesyV, exhibits roughly an exponential decrease
Ref. [26]. The energy spectrurB(E) was fitted to the fol- with n, but up to~ 1 mrad the decreasing rate becomes
lowing equation, smaller with the increase of the emergent angle. On the other
hand, W, appears to reach a saturation value for eact
Nimax larger angles. This behavior is common to the forward and
S(E):E Y, F(E), ) backward SE emission. The plots in Fig. 2 shown with
n=1 squares represent the emergent angle dependenge asfd

nmax

W0=1—n§1 W,. (4)

IV. RESULTS AND DISCUSSION

Ill. EVALUATION OF EMISSION STATISTICS
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FIG. 2. The emergent-angle dependence of the measured SE o ) )
yields (squares and corresponding energy lossgircles calcu- FIG. 3. The angular (_jlstrlbutlon due to mulpple scattering of
lated by a Monte Carlo simulation. The simulation takes into ac-2->-MeV protons emerging from a carbon foil of 2.55-1.8
count the impact-parameter dependence of the energy loss in %2) pglen? evaluated with the theory of Sigmund and Winter-
single collision of a proton with a carbon atdi0]. Energy losses bon[31] (solid curve. The dashed curve corresponds to single scat-
are normalized to the SE yields at 0.0 mrad. tering by an unscreened Coulomb potential.

vs- The 5% errors shown in the plots are associated with thérom this figure, for angles larger than0.5 mrad the emer-
uncertainty of the 45° tilt angle of the target. In terms of thisgent angle is mainly determined by single close collisions.
emergent angular dependencéMfs, yr andyg increase up  An evaluation using the Molie potentia[32] predicts that a
to 1.0 mrad and approach a constant value at larger anglesollision with an impact parameter of 0.06 a.u. should give a
At each angleyg is slightly larger than the correspondifg  scattering angle of 1.0 mrad. Applying a Dirac-Fock method
due to the preferential forward emission of high-energy in-calculation[33] shows that the-shell electron density of a
ternal SEs. Both for the forward and backward directions, arcarbon atom reaches its maximum value at the radius of
enhancement of as high as50% is observed in the SE about 0.174 a.u., and a proton incident on a carbon atom with
yields at the large angles. a impact parameter equal to this radius is scattered at3
Before the interpretation of the present result, we comparenrad. Therefore, while protons emerging at angles around
the presenW,’s with distributions theoretically proposed to 0.3 mrad seem to lose their energies depending on the impact
describe the SE emissions. At first, a Poisson distribution iparameter, those emerging at angles larger thaf mrad
expected not to reproduce well the experimental data due tpenetrate deeply inside tikeshell electron cloud of a carbon
the contribution from high-energy internal SEs leading to theatom and lose approximately constant energies, irrespective
production of other SEs by the cascade multiplication. Theof the impact parameter. Furthermore, at the latter region a
comparison with a Poisson distribution is given in our pre-small decrease of the impact parameter gives rise to a large
vious paper[24]. Furthermore, Benkaet al. have also increase of the scattering angle. Hence, the observed behav-
pointed out the inadequacy of the Poisson distribufi23]. ior is quite reasonable.
On the other hand, some authors have indicated thaty@Po  In the angular range from 0° to 4°, a similar emergent
distribution can reproduce very well th,’s obtained from angle dependence has been observed in the energy loss of
their experiment$26-30. In order to obtain the best fit to 5-MeV protons penetrating through uniform Au and Cu foils
our data, we have varied the paramedagiven in Eq.(2) of  of a few mg/cm in thickness[9—-11]. In contrast to the
Ref. [29]. In this fitting, we have kept the parameterfor  present SE yields, however, the enhancement of the energy
the mean SE yields a constant, since it is well determined bjoss at larger angles was only 1-2% of that observed at 0.0
our measurements. However, we have been unsuccessful mtad. Although the measured angular range of energy losses
reproducing ouiWV, values. In contrast to the measurementswas about 40 times larger, the Au and Cu foils used were
by other author§26—-30, the present data were obtained by three orders of magnitude thicker than the present carbon
a transmission experiment. This may affect the applicabilityfoil; therefore, the present experiment for the SE emisssion is
of the Pdya distribution. At the present stage, however, wemore sensitive to the impact parameter.
cannot discuss any more about the poor agreement between The Monte Carlo simulations carried out under our ex-
our data and the Pya distribution. perimental conditions here give us a quantitative comparison
Here we discuss the origin of the increase followed by theo the results of the SE yield measurement. In this simula-
saturation ofy values at larger angles. Figure 3 representdion, we have accounted for the impact-parameter dependent
the angular distribution due to multiple scattering of 2.5-energy loss of a proton colliding with a carbon atom accord-
MeV protons transmitted through a carbon foil of 2.55 ing to the theoretical treatment by Kanel]. This theory
(=1.8x2) uglen? evaluated with the theory of Sigmund is based on the dielectric-function method and on local-
and Winterbor{31]. The dashed curve corresponds to singledensity-electron models for carbon atoms in a solid. The Mo-
scattering by an unscreened Coulomb potential. As is clediere potential[32] was employed to determine the relation
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between the impact parameter and the scatting angle. TH&9—-22. In some cases this effect prevents us from evaluat-
procedures of the simulation were quite similar to thoseing the contribution of electronic stopping power due to
given in our previous papg23]. solely the impact parameter dependence. For the SE yields,
Target atoms were assumed to be spheres of rdtlarsd  however, the situation is quite different. From our previous
to be distributed randomhR is taken to be &g. In this  measurement the escape depth of internal SEs in a carbon
connection a preliminary simulation wifR=2ag gives very  foil by 2.5-MeV proton impact was estimated to be 0.85
similar results as that for whiclR=5ag. If a projectile  +0.10 ug/cn? [24]. With this value the thickness increase
traverses these spheres it loses a part of the kinetic ener@y, for example, 20% in the present target foil raises the SE
and is scattered by the target atoms. Initially, the depth ayields at most by 5%, which is a sufficiently small effect
which the first collision occurs is determined by a pseudo-compared to the measured enhancement of SE yields at
random number generated by the code. Then the impact p&arger angles. So, the thickness inhomogeneity does not play
rameter of the collision and the direction after scattering isa significant role in our experiments.
determined with two other pseudorandom numbers. Besides
recording the energy loss at the impact parameter of the col- V. SUMMARY
lision, we also follow the polar and azimuthal angles of the

X ; L L The emission statistics of the SEs from a thin carbon foll
scattering with respect to the incident direction. Subsequerg 2 5.MeV proton impact have been measured as a function
collisions are treated in the same manner until the projectiley ' b b

exits the foil. The total deflection angle can be calculateaOf the emergent angle of the transmitted protons. Up-

from the polar and azimuthal angles according to the ap_mrad the measured SE yields increase with the emergent

proximation described in Ref7]. This angle as well as the angle. At larger angles the SE yields tend to approach a

corresponding total energy loss is registered for each projeé:_onstant value. Monte Carlo calculations used to simulate the

tile. As is described in Ref23], it is quite important to take energy loss under the present experimental conditions show

into account the geometrical parameters, such as the angul%(Peondt :3rei?tzntth;vtltthhéhgEm:r%issusri% ?1 %iei/slilrccje%;-nry?sasr\?:r-
divergence of the incident beam and the finite acceptance o 99 y

the emergent angle defining slits in the present SE measyr&fective method to investigate the details of ion-solid inter-

ment. The circles in Fig. 2 represent the result of the simyactions.

lation. In both the forward and backward directions the en-
ergy loss is normalized to the SE yields at 0.0 mrad. As is
clear from the figure, the measured SE yields and the calcu- The authors would like to acknowledge Professor T.
lated energy losses exhibit quite a similar emergent anguldaneko and Dr. T. Wada for providing us the numerical val-
dependence. This similarity quantitatively confirms a simpleues of the impact-parameter dependent energy loss. The au-
prediction that the SE yields depend almost linearly on thehors also express their thanks to Professor H. Geissel for
energy deposited to excited electrons in the individual colli-fruitful discussions and to Dr. M. Portillo for his valuable
sions of a projectile with target atoms in a solid. comments to improve the manuscript. We would also like to

Finally, we discuss the effect of the thickness nonunifor-thank E. Yasunaga, C. Yokoyama, T. Kinoshita, and Y.
mity of the target foil on the present data. It is well known Yumisaki for their help in the experiment. Thanks are also
that the thickness nonuniformity gives rise to a spurious endue to J. Karimata for his assistance in the operation of the
hancement of the energy losses at large emergent anglescelerator.
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