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Energy loss and straggling of protons and helium ions traversing some thin soiid foils
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Absolute measurements of stopping powers and energy straggling for hydrogen- and helium-ion beams in

ÍG , Se, Pd, Ag, Sb, and Bi in the energy range 20 < £  < 260 keV were performed by the method of 
determining the energy loss suffered by an ion beam which has traversed a thin film. The measured stopping 
powers fit reasonably well with those of other authors obtained at higher and lower ion energies. Agreement 
with theoretical predictions for energies > 100 keV/amu is found to be better for hydrogen than it is for 
helium beams. The Z2 dependence of the stopping power for hydrogen projectiles is discussed including 
measurements of other authors performed on other elements, and is found to agree in shape with that for 
helium for ion velocities v > 2  a.u., but there is evidence that it begins to difTer with decreasing v. It is 
deduced from the present measurements that for hydrogen as well as helium ions the amplitude of oscillations 
of the Z2 dependence increases with decreasing ion velocity, reaching a máximum at ti =  1.4 a.u. The 
Lindhard-Scharff theory is found to be in satisfactory agreement with the measured energy straggling.

I. HMTRODUCTION

The in terest in the p ro cess  oí stopping oí atom ic 
p ro jectiles in m atter has in creased  lately with the 
development of the ion implantation technique for 
manuíacturing sem iconductor d evices, and also  
with the increased  use of backscattering oí light 
ions from  solid ta rg e ts  fo r the analysis of su rface  
lay ers .

One p aram eter governing the stopping p ro cess  
is  the stopping power dE /d R  defined as  the av er-  
age energy loss suffered by an ion beam which has 
penetrated a distance dR in m a tte r; o r  the stopping 
c ro s s  section defined as  S = ( l /N )d E /d R ,  where N 
is  the number density of the target atom s. Another 
p aram eter is the energy straggling, defined as  the 
standard deviation ü  of the energy distribution oí 
an initially monoenergetic ion beam after tra v e rá -  
ing a distance dR through m atter.

In the last y e a rs , several authors have presented  
m easurem ents and th eories of the oscillatory  be- 
havior of S,  either as  a function of Z í , the p ro jec- 
tile  atom ic number for a given target 1-11 o r  a s  a  
function of Z2, the target atom ic num ber, for a  
given p ro jectile .12-21 The m ost com plete study of 
the stru ctu re  oí S(Z2) has been made by Chu et  
ai is-19 for 4He jons at energies above 400 keV. 
Chu22 has also  made th eoretical calculations of the 
energy straggling fi for protons and helium ions 
in the energy range 100 £  £ /m  :£ 1000 keV/am u  
and pred icts an o scilla to ry  behavior of U(Z2) sim ­
ila r  to that oí S(Z2).

In o rd er to investígate these phenomena for pro­
tons and for He* ions at low er en ergies w here the 
existing information is  very lim ited, we have p er­
form ed m easurem ents of energy lo ss  and s tra g ­
gling of H*- and He*-ion beam s in thin foils of Ge,

Se, P d , Ag, Sb, and Bi in the energy range 2 0 < £
< 260 keV.

II. EXPERIMENTAL

We used the m ost d irect method for obtaining 
the stopping power d E /d R ,  i .e . ,  the m easurem ent 
of the energy loss AE  suffered by an ion beam  
which has trav ersed  a  thin solid film of thickness 
&R. F o r  the resu lts to be reliab le, a £  should be 
only a sm all íraction  of the energy E  of the in- 
coming beam. In the present work it was below 
10% of E  over m ost of the energy interval inves- 
tigated, reaching in some ca se s  about 20% -30%  
at the low -energy end.

The experim ental procedure and equipment used 
for determ ining A £  was described previously 20 
The proton and 4He* beam s w here obtained b> 
feeding the rf ion sou rce of a Cockroft-W alton  
a cce le ra to r  with a helium-hydrogen m ixtu re, and 
for each energy used, each ion beam could be di- 
rected  into the targ et cham ber by adjusting the 
m agnetic m ass analyzer. The beam energy was 
m easured with an e lectro sta tic  an alyzer, and beam 
detection was perform ed by m eans of a  scintilla- 
tion counter. A prefixed fraction  of the polarizing 
voltage of the e lectro sta tic  analyzer was swept 
with a voltage linearly increasing and decreasing  
in tim e (sweeping tim e = 6 se c ). A signal propor- 
tional to the sweeping voltage was fed into the X  
input of an X - Y  re c o rd e r , whose Y  ax is  received  
the output of an in tegrator which in turn received  
from  the scintillation counter a pulse ra te  propor- 
tional to the beam cu rren t. Since the cu rren t in­
teg ra to r of this dynamic recording system  has a 
finite time constant, the sp e ctra  w ere deformed  
The cu rves obtained with the polarizing voltage oí
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piG. i .  Static spectrum taken point by point, and the 
c o rr e s p o n d in g  dynamíc response of the plotting device, 
of a 4He-ion beam of an average energy of 137 keV, 
after traversing a 4 1 .1 -^ g /cm 2 Bi fotl, where it has 
lost 11.5 keV. Differences in subsequent dynamic plots 
»re due to beam intensity fluctuatíons.

the electrostatic  analyzer increasing linearly in 
time, had in all ca se s  m irro r  sym m etry with re -  
spect to those for decreasing voltage. This means 
that the real o r sta tic  sp e ctra  w ere sym m etric , 
and therefore' the beam energy was given by the 
average oí the plotted peak positions. A few sp ec­
tra were also  taken point by point. F igu re 1 shows 
an example for such a sta tic  spectrum  together 
with the corresponding dynamic response of the 
plotting device, for the case  of a  4He ion beam of 
an average energy of 137 keV, after trav ersin g  a  
Bifoil of 41 .1-M g/cm 2 thickness, where it has 
lost 11.5 keV.

The real sp ectra  corresponding to the m easu re- 
ments of the p resen t w ork, could be approxim ated  
by a Gaussian function of energy as shown by 
straight lines obtained when plotting the static  
spectra on probability paper (see also Appendix of 
Ref. 20). This resu lt is  in accord an ce with the ex-  
pectation that the energy profiles tend to be G auss­
ian when the energy lo st in the foils is  much 
greater than the máximum energy tran sfer by a 
projectile in a  single collision with a target e le c ­
trón,23 a s  it is  the case  in the present m easu re- 
ments.

To obtain the energy straggling, the standard  
deviation of the sp e ctra  had to be determ ined. As 
the shape of the re a l sp e ctra  was G aussian, using 
the time constant of the dynamic device (it was 
measured to be r  = 0 .7 0 ± 0 .0 2  se c ) , it was possible  
to relate m athem atically the distance between the 
plotted peaks, corresponding to increasing and de-

creasin g  sweeping voltages, with the standard de­
viation of the corresponding real spectrum . The 
m athem atical formulation of this method is ex- 
plained in detail in the Appendix. When, as in Fig . 
1 , the standard deviation could be obtained d irect-  
ly from  the plot of the static  spectrum  on proba­
bility paper, it agreed within experim ental e rro r  
lim its with that obtained from  the distance between 
peaks of the dynamic plot.

In p ractice  the incoming beam was not m onoener- 
g etic , but had also a G aussian-like energy d istri- 
bution. T herefore, to determ ine the energy s tra g ­
gling the standard deviation of the beam energy  
profile was also m easured in each case  (ranging 
typically between 50 and 900 eV at 25 and 260 keV, 
respectively) and substracted  geom etrically from  
that corresponding to the beam after traversin g  
the foil.

The foils w ere prepared employing basically the 
method developed by Meckbach24 and Valenzuela 
and Eckardt25 which con sists in the vacuum depo- 
sition of the foil onto a p lástic substrate which is 
subsequently dissolved. A vacuum in the evapor- 
ato r of about 2 x 10"7 T o rr  w as achieved using tita- 
nium sublimation and ionic pumping which provided 
an o il-free  environment. The thickness Ax in 
/xg/cm 2, was m easured in the evap orator, by 
weighing the deposit on a piece of plástic substrate  
of known a re a , suspended from  a Cahn-RG e le c tric  
m icrobalance. A further control of film  growth 
w as made with the aid of a q u artz -cry sta l film  
thickness monitor TOYO COM type T V F -1 .

To ascertain  the amount of contamination of the 
foil su rface by oxidation, after evaporation was 
completed the p ressu re  in the system  was raised  
to about 10‘5 T o rr  by admitting atm ospheric a ir  
through a needle valve. A fter at least 10 min ex- 
posure, no m ass in crease  due to oxidation of the 
deposit was observed, within experim ental u ncer- 
tainties (0.5% ). This insures that the initial fast 
oxidation of both su rfaces of the foils by exposure  
to a ir2S influences the stopping power m easu re- 
m ents by le ss  than 2% in each case .

F o r  each elem ent, between 11 and 24 foils w ere  
u sed, except in the case  of Sb, where only three  
w ere used. The thicknesses of m ost of these foils 
ranged between 21 and 44 jig /cm 2, two of the Pd 
foils w ere of 17.7  n g / c m 2 and one Ag foil, used 
only for protons, was 11.3 ¿ig/cm 2 thick. The 
d iam eter of the foils was 2 mm.

Sample foils w ere observed with an electrón  
m icroscop e. They w ere found to be of uniform  
stru ctu re  and no pinholes w ere apparent. Also 
moving the foil a c ro s s  the ion beam (of<l mm in 
diam eter) did not affect the m easured energy loss  
ñor the shape of sp ectra , within experim ental un- 
certa in ties .
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FIG. 2. Stopping powers for proton and 4He* beams as 
a functlon of energy. — • — , protons; — • — , 4He*¡ 
_____ , other authors16,19*20,2T*57; the numbers on the fig­
ure identlfy the referen ce.............. .. theory.19 --------- ,
corrected  valúes for possible content of absorbed hy­
drogen In Pd.38

III. RESULTS 

A. Energy loss

The experim ental resu lts of the stopping powers 
of the studied m aterials for hydrogen and helium 
ions a re  shown in Fig . 2 , together with exp eri­
mental and sem iem p irical data from  other au- 
th ors16' 19'20’27-37 for com parison. Tables I and n  
present the valúes obtained by graphical interpo- 
lation between data points.

The uncertainties of the m easured stopping pow­
e r s  calculated as  the percentage mean deviation 
over all foils used38 a re  6%, 2%, 7%, 5%, 7%, and 
5%, for Ge, Se, P d , Ag, Sb, and Bi respectively, 
and are  mainly due to uncertainties in the d eter- 
mination of foil thicknesses.

Pd may contain absorbed hydrogen up to the pro- 
portion of Pd4H3.39 Figure 2 also shows corrected  
valúes for Pd using B ra g g ’s rule of additivity of 
stopping c ro s s  sections. It can be seen that the 
possible content of hydrogen may affect the m ea- 
surem ents only up to 10%.

B. Energy straggling

B ecause of its sta tistica l n ature, the energy 
straggling due to subsequent lay ers  of the foil is 
added geom etrically , i .e . ,  the straggling is pro- 
portional to the square root of foil thickness. The 
present resu lts , norm alized by dividing them by 
the square root of &x  a re  shown in Fig . 3 . Tables 
I and II also list the 0 / ( A x ) l/2 valúes for the dif- 
ferent elem ents for protons and 4He* obtained by 
graphical interpolaron  between data points. These 
valúes a re  affected by a sta tistica l e r r o r  of about 
±10%.

The principal sou rce of system atic e r r o r  in the 
determ ination of the energy straggling of ion 
beam s in solid foils is the possible m icroscopic  
roughness of the foils. The energy spread pro- 
duced by this possible foil roughness is  directly  
proportional to the stopping power. Since the 
curved behavior of the stopping power for protons 
as a function of energy in logarithm ic sca le  (Fig. 
2) does not appear in the straggling m easurem ents 
fo r protons (Fig. 3 ), it can be assum ed that this 
contribution to the m easured energy straggling is 
sm all.

IV. DISCUSSION AND CONCLUSION

A. Energy loss 

/. Comparison with theory

a. E nergy  dependence.  Z ieg ler and Chu19 have 
calculated th eoretical stopping c ro s s  sections in 
the Lindhard-W inther40 form alism  with H artree- 
F o ck -S la ter atom ic wave functions for isolated  
ta rg e t atom s, for 4He ions in all elem ents in the
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E I. Stopping powers and energy straggling for hydrogen ions obtained by graphical interpolation between data 
■ ir.!- in keV; dE/dx  in keV/(m g/cm 2); fi/(Ajr)1/2 in eV (fig/cm 2) '1/2.

H*
i-*

Germanium
dE
dx ÍJ/(A x)1/2

Selenium
dE_
dx S2/(Ax)1/2

dE
dx

Palladium 
d E 1
dx Íl/(A *)1/2

dE
dx

Silver 

ÍJ/( A x)1/2

Antimony
dE
dx í)/(A x)1/2

dE
dx

Bismuto

fi/(A x)1/2

•O 200 77 191 41 148 132 66 138 85 155 90 112 55
10 223 88 217 48 175 152 78 155 100 188 102 129 64
<0 240 97 232 54 195 168 88 166 113 208 110 138 71
Sfl 257 110 252 63 223 194 106 180 133 222 124 147 82
<0 259 121 , 255 71 238 211 120 189 150 223 134 148 92

100 251 130 250 77 245 218 132 193 165 221 143 147 100
150 227 148 221 . 91 240 218 158 195 195 206 160 142 116
'1)0 211 163 197 102 223 208 179 188 219 192 174 137 129

C-J 
1

o o 187 185 166 119 195 183 213 169 259 171 195 126 150

•Valúes corrected for possible content of absorbed hydrogen.39

energy región 4 0 0 -4 0 0 0  keV. Their exp ression  oí 
ihe stopping c ro s s  section is proportional to Z\, 
the square of the p rojectile atom ic num ber, i r -  
respective of charge sta tes  in the beam . This 
illows one to transform  their th eoretical stopping 
cross-section data for 4He p rojectiles into those 
íor *H p rojectiles of equal velocity i .e . ,  energies  
of 100-1000  keV, by simply dividing by 4 , the 
square of the atom ic number of He. The th eoreti­
cal data for He and those obtained in this way for 
hydrogen p ro jectiles , a re  represented in Fig . 2 for  
Ge and Sb. It may be observed that while the theo­
ry fails for 400-keV  "He p ro jectiles ,41 it still holds 
rather well for 100-keV protons.

b. Z2 dependertce.  We com pare in Fig . 4 the 
present resu lts for protons, together with data of 
other authors,2’ 3’15,2°’ 27'42' 45 as a function of Z2 
for ion energies of 100 , 200 , and 300 keV with 
the theoretical valúes given in Ref. 19 for 4He, ne- 
duced for protons as  described above. It is  seen  
that the oscillatory  behavior of this theory ag rees

qualitatively with the experim ental data presented  
in this figure, as  it does for helium p rojectiles at 
en ergies g re a te r than 400 keV .19

2. Experimental Z2 dependence for protons compared 
with that for 4He ions

The present m easurem ents, perform ed with hy­
drogen and helium ions in the sam e foils under 
identical experim ental conditions make it possible 
to com pare S(Z2) for both p rojectiles directly  by 
taking the ratio  SH,/S H at equal velocities. As only 
data for a few elem ents a re  available it was not 
meaningful to rep resen t this ratio as a  function of 
Z 2. Instead, we show in F ig . 5 the average ratios  
SHe/S H which resu lt from  the m easurem ents of 
stopping powers in the elem ents used in the p re­
sent work. The e r r o r  b ars  shown in Fig . 5 , given 
by the mean deviations of these ra tio s , are  a  m ea- 
su re of the fluctuations of SH,/S H obtained in ta r -  
gets of different Z 3. We observe that the mean

TABLE II. Stopping powers and energy straggling for helium Ions obtained by graphical interpolation between data 
points. E q in keV; dE /d x  in keV /(m g/cm 2); Sl/(Ax)1/2 in eV (ng/cm 2)"1/2.

Germanium Selenium Palladium Silver Antimony Bismuth
‘He* dE dE dE d E ' dE dE dE

dx SJ/(Aí )1/! dx Sl/(Ax)1/2 dE dx Sl/(Ax),/2 dx S2/(Ax),/2 dx íl/(A x)1/2 dx n<A*)t/2

20 183 72 164 39 168 155 68 145 112 142 87 92 54
30 221 88 201 49 213 200 84 177 131 180 107 115 69
40 253 100 232 58 252 236 97 204 147 213 123 135 82
60 306 120 283 74 315 295 118 251 171 270 152 170 104
80 350 138 327 88 367 343 136 289 191 317 176 200 123

100 390 153 365 100 407 380 151 323 208 360 198 227 140
150 470 183 445 128 488 451 185 393 243 444 243 283 176
200 537 210 515 151 548 505 212 450 273 510 282 324 208
300 640 254 618 191 640 585 260 538 318 578 346 385 263

*Values corrected for possible content of absorbed hydrogen.59
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FIG. 3. Energy straggling as a function of energy. • andO, data points of the present work for protons and (He*, 
respectively. Big points for Sb indícate proton and 4He* data together. ■, experimental data of Hoffman and Powers55
for a  partióles in Ag.................Bohr54 theory for high energies; ----------- , Lindhard and Scharff52 th e o ry ;-----------, ca l-
culated data by Chu.22 Upper and lower curves correspond to 4He ions and protons, respectively. -------------, estimatei
for protons using the Lindhard and Scharff62 formula, but including experimental dE /dx  data.

fluctuations obtained in this manner a re  not im - 
portant com pared to the rem arkable structu re in 
the stopping c ro s s  sections for He and H beams 
as a function of Z2, which has been cancelled out 
in their ratio , and also that excellent agreem ent 
ex ists  with the ra tio s obtained by Meckbach and 
Allison in Cd fo ils .46 However, it is  also  seen 
that the mean fluctuations in crease  at the lower 
ion velocities. While at v = 1 .8  a.u. the mean devi- 
ation is only 4.3%  it in creases up to 11.5% at

v = 0 .9  a.u . This indicates that the difference be­
tween the Z 2 dependence of the stopping cro s s  sec­
tions of He and H beam s is  g rea ter at these low 
velocities where the contribution of charge ex- 
change to the stopping p ro cess  may be significant, 
a s  suggested by the work of Allison et al.41 on 
p artial stopping powers in gaseous targets.

At ion velocities s 2  a.u . a  d irect com parison of 
the S(Z2) dependence for H and He projectiles is 
possible by using the experim ental information
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FIG. 4. S(Z 2) for protons, (a) 100 keV; (b) 200 keV;
(c) 300 keV. O, present results; •, compiled
data-’3’ 15,20,27,42_45; --------- , theory19 adapted for protons.

from other authors2’3’15’20’27,42 -45 as seen in Fig.
4 and dividing the sem iem pirical stopping cro ss  
sections for 4He of Ziegler and Chu by the stop­
ping power ratios SH#/SH averaged over all avail- 
able data. Figure 6 shows this comparison which 
strikingly confirm s the agreement of S(Z2) for He 
and H ions. This is  in accordance with a previous 
publication,48 where we have suggested that for 
ion velocities v > 2  a.u. the Z2 dependence is  the 
same for different ions of equal velocity except 
for a factor which depends only on v and on Z l , 
the projectile atomic number, but not on Z2.

Since for low velocities no data of S are avail- 
ab!e for elements situated at a máximum of the 
Z2 oscillations, it is  not possible to obtain a di- 
rect measure of the amplitude of these o scilla ­
tions. Notwithstanding that, it is possible to ob­
tain a valué related directly to the behavior of ®ie 
amplitude for different ion velocities by comparing 
the S of one element situated in a minimum with 
that of another situated away from it. Here Sb 
and Ag have been chosen for this purpose. Figure 
7 shows the quotients S(Sb)/S(Ag) for protons and 
4He* as a function of the ion velocity. It can be

FIG. 5. Ratios S * / S H averaged over Ge, Se, Pd, Ag, 
Sb, and B i, and their mean deviation, as a function of 
ion velocity +data corresponding to Cd foils.46

Z.

FIG. 6. S(Z2) for protons: (a) 100 keV; (b) 200 keV;
(c) 300 keV. O, present results; •, compiled
d ata^ l 15,20,27,42-45. ----------  ̂ semiempirical data for
4He projectiles19 of 400, 800, and 1200 keV normalized 
to protons.

observed that this magnitude, related to the am ­
plitude of the oscillation s, in creases  as  v de- 
c re a s e s , reaching a máximum at v = 1.4 a.u. for 
protons as well as  fo r 4He*. To extend the curve  
corresponding to 4He* up to i; = 3 .46 a .u ., the data 
of Reí. 27 for Ag and of R eí. 19 for Sb w ere used.

B. Energy straggling

Figu re 3 shows our resu lts  for the energy s tra g ­
gling as  a function of ion energy for protons and 
helium ions. In this energy range, the straggling  
can be approxim ated by

Sl/(NdR)l / 2 = K E p , (1)

w here E  is the ion energy and P  has in the average  
a  valué of 0 .37  for protons and 0.5 for helium ions.

V(i U )
FIG. 7. Ratios S g ^ /S ^  (a magnitude related with the 

amplitude of the Z 2 oscillations) as a function of ion
velocity. •, protons; O, helium ions; ---------- , present
r e s u l ts ;------------- , data from Ref. 27 for SAl and Ref.
19 for Ssb.
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This approxim ately linear velocity dependence for 
4He* is  in fair agreem ent with experim ental data 
of Hvelplund49 for He ions in gas ta rg e ts , and with 
his form ula obtained from

a 2
NdR

= J 2 i : b € 2 (b)db , (2 )

w here «(6) is the energy lo ss  as a function of the 
im pact p aram eter b as derived by F irso v 50 for 
m an y-electron  atom s. The integration is p er- 
form ed from  b = 0 to b = °°. However, F ir s o v ’s 
theory considers straight line tra je c to rie s  and 
is  not valid, th erefo re , for sm all im pact p ara -  
m eters . On the other hand, Lindhard’s theory51 
of stopping in a degenerate electrón  gas gives also  
n  v in the lim it of low v elocities.

By analogy with the resu lts  for an electrón  g as, 
Lindhard and Scharff52 have proposed

n 2 , 
NdR

dE
NdR

(3)

valid for Z\ <(v/v0)2 < 3Z2. H ere m is  the electrón  
m ass and v0 the Bohr velocity. Equation (3) is 
obtained from  Eq. (17) of Ref. 52 after rearran g e-  
ment of te rm s. We have calculated

n / ( ¿ x ) i n = a / ( A N * R / N a)i/2 , (4)

(A being the target atom ic m a ss , and Na A vagadro’s 
number) from  Eq. (3 ), using our m easured valúes 
of stopping and also using the Lindhard and Scharff 
approxim ation52

j E _ = 47TZ2g4g ¿ ( i . 3 6 y i / 2 _  0 Q16 x 3/t) > (5)
NdR m v2

with x = v2/v lZ 2, valid in the región w here the 
stopping power is  inversely proportional to v. The 
resu lts  of these calculations a re  included in r tg .
3 .

Inthe derivationof Eq. (5) Lindhard and Scharff 
applied the theory for a uniform electrón  gas to 
the case  of atom s, w here the electrón  density 
v a rie s  quite rapidly in sp ace. This is a  dubious 
procedure as recognized by these w orkers but 
which, n everth eless, by inclusión of an em p irical 
constant to account for the binding fo rces  of the 
electron s in the atom , has been shown19’53 to re ­
produce stopping power data successfully in the 
región of high v elo cities (v > 2 Z lv0).

R ecently, Chu22 has done calculations with this 
th eory, but using H a rtre e -F o ck -S la te r  charge  
densities for isolated atom s and found an o scilla -  
tory behavior of a s  a  function of Z 2. His resu lts  
a re  also  shown in F ig . 3 where it can be seen that, 
for the p articu lar targ ets  used in this w ork, they 
do not differ much from  the sim pler Lindhard- 
Scharff theory.

Fin ally , we have shown in F ig . 3 the c la ss ica l

resu lt of Bohr54 for high velocities,

Cil/NdR = 4nZ2lZ 2e i , (6)

and the recent experim ental data of Hofíman and 
Pow ers55 for He ions in Ag, which agree well with 
the extrapolation of our resu lts  to higher energies.

The theories cited above tre a t the energy strag ­
gling due to collisions with electro n s, i .e . ,  due to 
inelastic stopping p ro ce sse s . As shown by Hvel- 
plund 49 the contribution of elastic  encounters with 
target atom s is sm all in the present velocity range 
when the energy loss is  m easured over a sm all 
angular range (1 .9  x 10 '5 s tr  in our case) around 
the forw ard direction.
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APPENDIX

Since the energy sp ectra  w ere taken with a dy­
nam ic recording system  which has a time constant 
r ,  the sp ectra  obtained w ere deformed (see Ap­
pendix of Ref. 20). The diíferential equation gov- 
erning the response of such a system  is given by

du(t)
T~dt

+ u(t) = uí(t) ; (V)

by putting t  = 0 it is  seen that us{t) rep resen ts the 
“static  profile” one would get using a static  sys­
tem .

In the present experim ent, Ma(í) could be approx- 
im ated by a Gaussian20: us(t) =Ae~a‘2 (putting the 
origin at the sym m etry a x is ) ; then the solution to 
Eq. (7) is  given by

g l / 4 o T 2 g - t / T

■x[l+ e r f ( a 1 /2 í - 2 ^ )  ]  , (8)

from  the m easured cu rves the valué tQ is  obtained, 
which is  one half the distance between the peaks of 
the plots corresponding to increasing and d ecreas- 
ing sweeping voltage, i .e . ,  the a b scissa  for which 
u(t) has its máximum. At this point

du(t
dt

andfrom  Eq. (7) 

u(t0) —u s{t(¡) > 

i .e . ,



1*

i.|'5 y /V /4o'T v to/T

x|^l+erf («1/2í0- 2 ^ 7 2 7 )  ] =e‘ a'° •

«uice t0 is known, a  is then obtained by num erical
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calculation and with it the standard deviation of 
the Gaussian given by

ü> = (1/2ü¡)1/2 . (10 )

It is significant to note from  Eq. (9) that a  is  inde- 
pendent of the height A of the sp ectra .
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