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We measured the energy losses and their straggling for H+ ions with energies from - 120 to 480 keV and for 
He+ ions with energies from - 150 to 1300 keV in thin films of Al, Cu, Ag, Au, and polystyrene (GH,), . The 
data obtained on the energy-loss straggling are discussed on the basis of the existing theories. It is shown that 
in the investigated ion-energy regions an important role (and in the case of the He ions, a dominant one) is 
played by additional straggling mechanisms due to fluctuations of the ion charges and to the correlations of 
the energy losses when the ion interacts simultaneously with several electrons of the medium. Allowance for 
these mechanisms improves considerably the agreement between the calculation results and the experimental 
data. 

PACS numbers: 61.80.Mk 

1. INTRODUCTION 

Extension of the possible use of beams of ions having 
energies of several dozen o r  several hundred keV a s  a 
tool for investigating and altering the structure of the 
surface layers of solids calls for more accurate and 
deeper knowledge of the processes that accompany the 
penetration of such ions through matter. Of particular 
interest in this respect is the slowing down of ions, and 
i t  is important to know not only the average energy loss- 
e s  but also their straggling. Many experimental studies 
were therefore made recently of the energy straggling of 
light ions in both gaseousiw2 and s 0 1 i d ~ - ~  targets, and at- 
tempts were made to make a more detailed theoretical 
analysis of this phenomenon. Thus, Refs. 1 and 10 
contain a consistent refinement of the traditional the- 
oryii*'2 based on the model of independent pair collisions 
of the ions with the electrons of the medium. Other 
workers have considered the effect exerted on the ener- 
gy straggling by additional mechanisms connected with 
the fluctuations of the charge of the decelerating 
o r  with the ion-loss correlation that occurs when the ion 
interacts simultaneously with several electrons. On 
the whole, the performed calculations and estimates 
account correctly for the main regularities of the ener- 
gy straggling of the light ions, but do not provide a 
quantitative description of the straggling. To improve 
the theory we need both more accurate calculations of 
the contributions of the various mechanisms to the total 
energy-loss straggling, and new systematic experimen- 
tal data. 

The present study was made for the purpose of obtain- 
ing experimental data on the energy straggling of H' and 
He' ions in solids at energies near the maximum of the 
stopping power, i. e. ,  under conditions when the contri- 
bution of the above-cited additional mechanisms of the 
energy-loss straggling is most noticeable. Preliminary 
results of measurements made on some of the targets 
were published earlier. 7*9 

2. EXPERIMENTAL METHODS AND TECHNIQUE 

The measurements were made with H+ and ~ e +  ions in 
the energy ranges 120-480 and 150-1300 keV, respec- 
tively. The ions were normally incident on the target 
film surface and were registered, after passing through 
the target, with a surface-barrier silicon detector. 
The latter was placed on the beam axis and ensured 
registration of the particles scattered within an angle 6 
-lo, so  that the contribution of the elastic collisions to 
the energy-loss straggling was negligible. 

The source of ions with energy up to 500 keV was an 
accelerator with a cascade high-voltage generator. The 
system for the analysis and shaping of the beam made i t  
possible to apply to the target an ion beam with a diam- 
e ter  from 0.1 to 0.5 mm, with intensity - 1 . lo3 parti- 
cles/sec, and with an approximate energy straggling 
0.5 keV. The energy spectra of the primary-beam ions 
and of the ions that have passed through the target were 
measured two o r  three times in succession for each 
value of the initial energy E,. The spectrometer reso- 
lution was 7-8 keV for protons and 11-13 keV for He' 
ions. 

The measurements with the higher-energy He' ions 
were made with a 72-cm cyclotron by a previously de- 
scribed procedure. The spectra of the ions of the pri- 
mary beam and of the beams passed through the target 
were registered in this case simultaneously. The over- 
al l  resolution of the apparatus was 25-30 keV. 

The targets were unsupported films of aluminum, cop- 
per, silver, gold, and polystyrene (C,H,),. The metal- 
lic films were made by evaporating the pure metals in 
vacuum (at a pressure - 5 . lo5 Torr)  on cleaved sur- 
faces of rock-salt crystals, followed by dissolution of 
the substrate in distilled water. The polystyrene films 
were obtained from a solution of the polymer in dichlor- 
ethane on the surface of well cleaned polished glass and 
were removed from the latter likewise with distilled wa- 
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ter. The films selected for the tests were those without 
visible defects observable in an optical microscope with 
magnification 56x. An analysis of the metallic film 
samples by electron microscopy revealed no noticeable 
preferred orientation of the crystalline blocks and 
showed that the depths of the surface roughnesses could 
range from several dozen (A1,Au) to two o r  three hun- 
dred (Cu, Ag) angstrom. 

The target thicknesses t were determined from the 
average energy losses nE of the protons and ~ e '  ions 
with respective energies - 300-500 and - 800-1000 keV 
on the basis of the known data on the stopping powers 
d ~ / d t  of the investigated materials. 15-21 The relative 
e r ro r s  in the values of t (without allowance for the e r -  
r o r s  of d ~ / d t )  were 1-2%. The differences between the 
values of t obtained for one target from the energy loss- 
e s  of the protons and of the He ions did not exceed 2- 
4%. 

The measurements were made with films of thickness 
from -0 .1  to 1.1 pm, satisfying the "intermediate tar- - 
get thickness" criteria": AE >> T,, =4(rn , /~ , )E,  and 
a<< Eo - m, where aE and a r e  the mean values of the 
energy losses and of their variances, while T,, is the 
maximurii energy imparted by an ion of mass Mi to an 
immobile electron of mass me. The energy distribu- 
tions I(E) of the ions passing through such targets 
should have an approximately Gaussian shape, a s  was in 
fact observed in the measurements. Only in the spectra 
of the He ions having the very lowest energies was a 

FIG. 1. Specific energy losses of hydrogen ions: 1 and o- 
Ref. 18, 2a and 2b-Ref. 15, 3a and 3b-Ref. 16, 4-Ref. 22, 
5a, 5b, and 5c-Ref. 17, .-Ref. 23, a, A ,  r, +-present work 
(various targets). Curves with long and short dashes-results 
of the calculations of Refs. 30 and 29, respectively. Dash-dot 
curves with single and double dots-results of calculations of 
Ref. 32 without and with aLlowance for the change of the effec- 
tive charge of the proton, respectively. 

small  "tail" observed on the lower-energy side, attest- 
ing to an increased contribution of the elastic collisions; 
their influence, however, was not noticeable in the 
main part of the spectrum. No distortions capable of 
indicating the presence of particle channeling in the 
spectrum shape, was observed at  all on the high-energy 
side. 

The obtained spectra were approximated by the Gaus- 
sian functions I = I,,,, exp[- (E - ~ , ) ~ / 2 5 1 ~ ] .  The ion en- 
ergy losses in the target AE,, and their variances ~ f ,  
were calculated from the formulas 

where the subscripts 1 and 0 pertain to spectra obtained 
with and without the target, respectively. The e r ro r s  
in the values of Den and S2f, amouted  respectively 
from 0.5 to 2-3% and from - 5 to 20-30%, and were 
determined principally by the statis tical accuracy of the 
measurements and by the relative values of the differ- 
ences in (la) and (lb). The results of measurements 
performed with He ions on one and the same target with 
a cyclotron and with a cascade generator, at  close val- 
ues of the energy, were in good agreement. 

The experimental values of the per-unit energy losses 
sen and of the per-unit straggling D, of these losses 
were calculated from the formulas 

where E = E ~  - me,/2. Estimates based on the known 
 relation^'^*^^ d ~ / d t  = f (E) have shown that the additional 
e r r o r  due to the finite thickness of the film did not ex- 
ceed 1-2% in the most unfavorable cases. 

3. RESULTS OF ENERGY LOSS MEASUREMENTS 

The experimental values of E,,(E) for  protons and He 
ions in the investigated materials a r e  shown in Figs. 1 
and 2, respectively. It is seen that on the whole they 
agree with the best known data from other s t ~ d i e s , ' ~ - ~ ~  
which a r e  also shown in the same figures. The ob- 
tained &,(E) dependences agree, naturally, with those 
given in Refs. 15-21 at  the energies used there to de- 
termine the target thicknesses. Outside these intervals 
they do not always agree with the results of some par- 
ticular paper, but do not go beyond the limits of the ag- 
gregate of the available data. An exception a r e  the re-  
sults obtained for protons in Au, where the good agree- 
ment with the results by  other^'^-'^ in the energy region 
E 2 250 keV becomes rapidly worse and the discrepancy 
reaches + 17% at E -  100 keV. The reason for this is 
not clear and l ies apparently in the differences in the 
microstructures of the employed targets. 

Figures 1 and 2 show (dashed) also the results  of 
semi-empirical calculations from the latest papers2sJ1 
of this kind. I t  is seen that the values of c(E) obtained 
in Refs. 29 and 30 for protons a r e  in sufficiently good 
agreement (within 2-5%). They agree also within ap- 
proximately the same limits with the results of our 
present measurements in the region E 2 250 keV; at  
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FIG. 2. Specific energy losses of helium ions: 1 and o-Ref. 
18, 2-Ref. 26, 3a, 3b, and 3c-Ref. 19, 4a, 4b, and 4c-Ref. 
20, &Ref. 22, 6-Ref. 24, 7-Ref. 27, o-Ref. 25, o,A,r,+- 
present work. Curves with long and short dashes-results of 
calculations of Refs. 31 and 29, respectively. 

lower energies the difference increases to + 9% fo r  Cu 
and to - 7% for Au. In the case of the He ions the 
agreement between the results of the calculations in 
Refs. 29 and 31 is worse than for protons. A better 
agreement with experiment is found in Ref. 31: the dif- 
ference between the values of &(El cited there and our 
present results is within - 5, 3, and 6% for  Al, Cu, and 
Ag, respectively. Satisfactory agreement for  Au (in the 
range 4-8%) is obtained only in the region E 2 600 keV; 
a t  lower energies the difference reaches -20%. 

A recent paper32 reports values of the stopping power 
of A1 for protons, calculated within the framework of 
the dielectric approximation and with allowance for the 
change of the effective charge Z,,, of the particles at  
low energies. The obtained values of c(E), shown in 
Fig. 1 by a dash-dot line, exceed somewhat the experi- 
mental and the semi-empirical  value^,^^*^^ and the meth- 
od used to take into account the change of Z,,, greatly 
underestimates the values of & in the region E < 100 keV 
(dash-double dot curve in Fig. 1). 

4. RESULTS OF MEASUREMENTS OF THE ENERGY 
LOSS STRAGGLING 

The results of the measurements of the variances of 
the energy losses a r e  shown in Figs. 3 and 4. The 
measurements were made with four or  five targets of 
each material [ (C8~8)m,  Al, Cu, Ag, and Au] in the re-  
spective thickness ranges 0.118-0.46, 0.22-1.09, 
0.29-0.51, 0.17-1.60, and 0.10-0.23 pm. The ob- 

tained values of Den = S2fn/Nt revealed considerable 
straggling-largest for Cu and Ag and smallest for  
(C8H8), and Al. The magnitude of this straggling was 
determined principally by the difference in the values of 
Den in different targets of the same material (see the da- 
ta for A1 and Ag in Figs. 3 and 4). This is due in all 
probability to the differences between the degrees of 
thickness of homogeneity of films produced under ap- 
proximately identical conditions (see Sec. 2). The 
smallest values of D, for a given material should obvi- 
ously correspond to targets that a r e  most uniform in 
thickness, and should therefore be closest to the "true" 
values. [ ~ i g u r e s  3 and 4 show data for only such 
(CsH8),, Cu, and Au targets. ] 

Figures 3 and 4 show also the experimental data ob- 
tained by others. I t  is seen that the results  of mea- 
surements with protons in and C U ~ ~  and with He ions 
in A1 and Au (Ref. 5) have a rather large straggling, 
within the l imits of which they agree with our data. The 
values of Den for  He ions in Cu and Ag, cited in Ref. 8, 
a r e  close a t  the lowest energy (- 500 keV) to those ob- 
tained by us, but have a weaker dependence on the ion 
energy. ) 

The same Figs. 3 and 4 show the results  of calcula- 
tion in accordance with the existing theories. The val- 
ues of DB and D L ,  were calculated from the known Bohr 
formulas": 

and the Lindhard-Scharff formulas12: 

where vl is the ion velocity (vo = 2.19 10%m/sec is the 
Bohr velocity), me and Mi a r e  the respective masses of 
the electron and ion, c, is the "electronic" stopping 
power of the medium. The values of Dc were taken 

FIG. 3. Energy-loss straggling of ions in A1 and (C8HS),. 
Dark and light symbols-results of present work for the H and 
He ions, respectively. For Al: t = 59 (A&), 130 (r), 216 (mo), 272 
(W) and 293 pg/cm2 (00); for (CBH8),: t=42.8 h v ) ,  and 47.5 
pg/cm2 (00). +-data of Ref. 5. The calculated curves 
D, ,DL, ,  . . . , D, are designated respectively by the letters 
B , L S , . . . . t $rimed-for protons, without primes-for He 
ions). The ordinate units are o'/N~ in e ~ ~ / 1 0 "  atom/cm2. 
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from Chu's paper." In the high-velocity limit (ul 
>> u , , ~ ~ ~ ' ~ )  they go over int DB. All these theories a r e  
based on the model of independent pair collisions of a 
fully ionized particle of charge Zie with the electrons of 
the stopping medium; the electrons were either assumed 
to be free" o r  regarded a s  an electron Fe rmi  gas of ho- 
mogeneousi2 or  inhomogeneousiO density. 

To take into account the contributions of the additional 
mechanisms to the total energy-loss straggling, we 
used the results of Vollmer and Sigmund. l4 The former 
dealt with the influence of fluctuations of the average 
stopping power when the charge of the ion is changed as  
a result of capture o r  loss of electrons. The resultant 
additional energy-loss straggling D, is defined a s  

where q, and q, a r e  the dominant values of the ion 
charge a t  the given average ion energy, A and w(A)  a r e  
the average total path of the ion in the charged state a 
and the fluctuation of this quantity on a trajectory seg- 
ment equal to the target thickness. The values of z/t 
and w ( A ) / x  a r e  tabulated in Ref. 13 a s  functions of the 
cross  sections of the transitions between the states a 
and b and of the target thickness t. 

The other paperi4 deals with the effect of the correla- 
tion of the energy losses when the ion interacts simul- 
taneously with several electrons, and the value of the 
corresponding correction Ds is estimated in f i rs t  ap- 
proximation at 

where a, = 0.8853ao~2-i'3 is the Thomas-Fermi screen- 
ing radius (a, = 0.529 . cm i s  the Bohr radius), and 
C i s  a numerical factor that depends on the distribution 
of the electrons in the atoms of the medium and is close 
to unity in value. 

In the calculations by formulas (3)- (6), a value Z2 = 7 
was assumed for the polystyrene (C8H8),. (For targets 
of intermediate thickness this is valid if i t  is assumed 

E, keV 

FIG. 4. Energy-loss straggling of ions in Au, Ag, and Cu. 
The symbols are the same as in Fig. 3. For Au-t =I92 (0) 
and 430 pg/cm2 (0); for Ag-t =I76 (r), 216 (M), 280 (o), 460 
Q and 625pg/cm2 (0); for Cu-t =280 (0) and 454pg/cm2 (0). 
+, o ,  x ,  and .-the data of Refs. 5 ,  8 ,  33, and 34, respec- 
tively. The markings of the calculated curves are the same 
as in Fig. 3. 

that D-Z4 and that the collisions of the ion with the C 
and H atoms a r e  independent. ) For E* we used the ex- 
perimental values of &, shown in Figs. 1 and 2, since 
the contribution of the elastic collisions to the energy 
losses was negligible under the conditions of our mea- 
surements. In view of the lack of data on the cross  
section for the loss and capture of electrons by ions in 
solids, the corrections Dv were calculated for the clos- 
es t  (in terms of Z2) gas targets-nitrogen in the case of 
(C,H,), and neon in the case of Al. The data needed for 
this purpose on the c ross  sections for the loss and cap- 
ture of electrons by He ions in N and Ne were taken 
from Refs. 35. The value of the factor 5 in (6) was as- 
sumed equal to unity. The total straggling tendency 
was determined in each case in the form of a sum: D, 
=Dc+Ds and Dt=Dc+Ds  +Dv. 

As seen from Figs. 3 and 4, the experimental values 
of Den generally exceed the values calculated by the tra- 
ditional theory of the "single-electron" energy strag- 
gling in i t s  most elaborate variant. ID For protons in 
(CsHs),, Al, and Au this excess is relatively small 
(- 25-50%) and decreases gradually with increasing par- 
ticle energy. The values of Den measured for the He 
ions in the same materials turn out to be larger than the 
theoretical ones (D,) by 2-2.5 times, and in the cases 
of (CsH,), and A1 they exceed the "Bohr limit" DB. The 
large difference observed in the cases of Cu and Ag for 
both protons (by 1.7-2.5 times) and He ions (by 4-5 
times) is due apparently to the large thickness inhomo- 
geneity of these targets (see Sec. 2). 

Allowance for the corrections for the additional ener- 
gy-straggling mechanisms in accord with Eqs. (5) and 
(6) improves appreciably the agreement between theory 
and experiment. The fact that these formulas yield only 
estimates does not permit a rigorous assessment of the 
degree of quantitative agreement, but does explain the 
behavior of the experimental Den(E) plots. As seen 
from Figs. 3 and 4, for protons in the investigated en- 
ergy range the principal role is played by the mechan- 
i sm of the "single-electron" energy straggling. The in- 
fluence of the fluctuations of the ion charge is negligible 
here, since capture of an electron by a proton a t  these 
energies in unlikely. On the other hand, the contribu- 
tion of the "correlation" mechanism of Ds becomes no- 
ticeable with decreasing proton energy, especially in 
the region E 2 200 keV; when this contribution is taken 
into account, the theoretical D,(E) plots agree fairly 
well with the measured ones for the most homogeneous 
(C,H,),, Al, and Au targets. 

The picture is different for the He ions. Both addi- 
tional mechanisms-"correlation" and "charge- ex- 
changew-play a substantial role in a rather wide range 
of energies in the region of the maximum of &(E), and 
may even be dominant [see the Ds(E) and Dv(E) curves 
for (C,H,), and A1 in Fig. 31. Thus, the summary 
D,(E) and D,(E) dependences can have maxima in this 
energy region and can exceed the "Bohr limit" for high 
velocities (D,). The existence of such a maximum in 
the energy region - 1200-1600 keV i s  indicated by the 
results  of our measurements for A1 and Au in conjunc- 
tion with the data of Ref. 5. 
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5. CONCLUSION 

O u r  measurements  yielded data  on the dependences of 
the specific energy losses E(E) and their  var iances D(E) 
f o r  H and He ions i n  polystyrene (C8H8),, Al, Cu, Ag, 
and Au i n  the important  energy region near  the maxi- 
mum of the stopping ability of the material.  

The obtained E,(E) dependences a g r e e  general ly  well 
with the resu l t s  of measurements  made by o ther  i n  
overlapping ion-energy ranges,  with the exception of 
the case of protons i n  gold a t  energ ies  5 200 keV. 

The experimental data  on the s t raggl ing of the energy 
l o s s e s  of protons with energy < 400 keV and He ions 
with energy < 500 keV i n  sol ids  were obtained h e r e  f o r  
the f i r s t  t ime ever .  The resu l t  obtained bv o thers  i n  
the energy intervals  investigated by ~ s ~ ~ * ~ ~  o r  i n  adja- 
cent  i n t e r v a l ~ ~ * ~ v ~ ~  agree with ours within the s c a t t e r  of 
the experimental points. The  obtained data  offer evi- 
dence that i n  the region of the maximum stopping power 
of the mate r ia l  the energy s traggl ing of the ions is 
strongly affected by the "charge-exchange" and "corre- 
lation" mechanisms. Whereas  f o r  the protons, i n  the 
investigated energy range, the contribution of the f i r s t  
of these mechanisms is smal l ,  while the contribution of 
the second constitutes a relat ively s m a l l  inc rement  to 
the "usual" single-electron energy straggling, the in- 
fluence of these mechanisms becomes dominant f o r  the 
He ions. A s  a resul t ,  the value of D i n c r e a s e s  substan- 
tially and can  exceed the Bohr l imi t  a t  high velocities. 
The values of Den f o r  He ions turn out to b e  l a r g e r  by a 
factor  6-8 than those f o r  protons having the s a m e  vel- 
ocity (in the region 150-300 keV/nucleon), i. e. , D,, in- 
creases m o r e  rapidly than " ZI2 with increasing Zi. 
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