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ABSTRACT

The range of Xe, Kr, A, Ne, and N ions in Al, Be, B, and
C has been investigated for incident ion energy in the region 50-500
kev. A monoenergetic ion beam accelerated in an electrostatic
accelsrator strikes a thick target of thé stopping material, and the
penetration depth of the ions beneath the surface is determined by
a momentum analysis of monoenergetic protons elastically scattered
from the target and embedded atoms. A linear range-energy behav-
ior is observed for Xe, Kr, and A {ons, but dE/dR increases with
ion energy for N and Ne ions. The range-energy expression of
Nielsen based upon elastic nuclear collisions predicts a constant
dE/dR for Xe and Kr ions which is 20 to 28 per cent above the ex-
perimental values. A more recent theory by Lindhard and Scharif
which includes electron excitation of the stoppfng atoms f{its the
Xe in Bé. Kr in Be, and Kr in Al experimental data to within
(t‘;?) per cent, but is systemat‘ically higher than the Xe in Al val-
ues by +35 per cent at 50 kev down to +2 per cent at 500 kev. For
A, Ne, and N ions, where the low velocity elastic nuclear collision
theory is not applicable, the Lindhard-Scharff predictions are from

0 to +15 per cent above the experimental values.
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I. INTRODUCTION

The range of heavy ions in solid materials at very low ion
velocities is of interest in the understanding of radiation damage,
in nuclear recoil measurements, and in experiments utilizing heavy
ion accelerators. Because of the extremely small penetration depths

involved (< 10°4

cm. in solids), suitable techniques for measuring
such ranges have only recently been developed.

An article by Nielsen (Nielsen, 1956) suggested a method
for measuring ranges in solids in the kev energy region by elasti-
cally scattering protons or deuterons from a target blank which
previously had been bombarded by the heavy ions. The method is
particularly suited to this laboratory since elastic scattering tech-
niques for measuring target composition have been extensively
developed hére. (Snyder, 1950; Brown, 1951; Wenzel, 1952; Bar-
din, 1961).

N. Bohr (Bohr, 1948) had previously laid the groundwork
for a theoretical description of the stopping of heavy ions at low
velocities. In 1956 Nielsen re-examined the problem and obtained
a range-energy expression numerically 2/3 as large, but identical
in charge and mass dependence, as Bohr's expression when the
ion mass is much greater thim the target atom mass.

In seeking experimental results with which to compare his
theoretical prédictions, Nielsen could find only a few indirect mea-
surements. These were measurements by Mileikowsky (Mileikow-
sky, 4954) and Thulin (Thulin, 1955) of the straggling of heavy ions.
These authors analyzed by elastic scattering and (p, @) reactions

the distribution of ions embedded in targets prepared in the Stockholm
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isotope separator, from which ions strike the collecting target with
45 kev of energy. These authors did not measure the depth of pene~
tration because of uncertainties as to the condition of the target
surface. Rather they measured the width of the distribution of the
embedded ions due to straggling. Bohr's theory relates the width
of the distribution with the depth of penetration; by using this rela-
tion Nielsen obtained ranges from the measurements of Mileikowsky
and Thulin which fit the Nielsen prediction within 20 per cent.
These range values, the only ones available prior to this expéri-
ment, did not provide a systematic test of the charge, mass, or
energy dependence of the range-energy expression, and it was with
the purpose of obtaining better experimental information that this
experiment was undertaken.

The method employed in the present experiment was sug-
gested by Nielsen's paper, but it is distinctly different in that both
range and range straggling are measured independently. The
method has been examined with some care and the method itself
constitutes an original disclosure of this thesis as well as the range
measurements obtained with it. A method similar to the one em-
ployed here, utilizing (p, y) reactions instead of elastic scattering
to detect the embedded ions, has since been reported by two
groups independently: Guseva, et al. (Guseva, 1959), and Porat
and Ramavataram (Porat, 1960).

Theoretical analysis of the stopping of very low velocity
ions has also progressed while this experiment was under way,

Lindhard and Scharff have recently furnished us a paper, prior to
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publication, in which they analyze the energy loss due to elastic
nuclear scattering in a manner similar to that employed by Bohr
and Nielsen except that the Thomas-Fermi interaction potential.
is integrated }numerically. whereas Bohr and Ivielsen approximate
the interaction potential with an expression varying as r~2 to ob-
tain an integral in closed form. Lindhard and Scharff also include
an additional electronic contribution to the stopping cross section
which is not negligible at low velocities and which must be included

in order to achieve agreement with our experimental results.
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iI. THEORY

II.A. Introduction.

The passage of an atom through matter involves complicated
many-body interactions between the moving nucleus and its bound
electrons with the nuclei and electrons of the stopping material.
This formidable problem may be adgquately represented by simpler
approximations in certain particular cases of practical interest:

(a). In the limit of high velocity of the moving particle, all
of its electrons are stripped away. Several theoretical studies (Bohr,
1943; Bethe, 1930; Bloch, 1933) of the motion of a charged particle
through matter have shown that it loses its energy predominantly
by inelastic encounters which excite or ionize the atoms along its
path. Although these theories require an empirical constant to
allow for the cdmplexity of the electron binding in the stopping

, atoms, they nevertheless provide valuable insight into the stopping
process. In particular, they show that as the moving particle ve-
locity decreases, the most tightly bound inner electrons of the
stonnping atom will no longer take part in the stopping, and as the
velocity decreases further more and more electrons will be inef-
fective. This approximation is therefore applicable only to ions
of high velocity, and the theory predicts that for the low velocity
ions of this exi)eriment. energy loss by inelastic encounters will
play only a small part.

(b). Heavy ions of velocity sui!icient to lose energy by the
inelastic encounters mentioned above may carry with them one or'
more bound electrons, and repeated capture and loss of electrons

will change the net charge of the moving ion rapidly. There is no
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satisfactory theory of the energy loss process in this velocity region.
Knipp and Teller (Knipp, 1941) have assumed that the energy loss is
still predominantly through excitation and ionization of the stopping
medium, and they compute an average charge for the moving ion
which they substitute in the expressions applicable to high velocity
ions. Although their results fit experimental measurements sur-
prisingly well (Northcliffe, 1960; Heckman, 1960), their theory‘is
clearly inapplicable to atoms which are neutral for any significant
fraction of the time, and their neglect of any energy loss in excita-
tion or ionization of the 'moving ion is disturbing.

{c). At very low velocities, the ion will be unable to excite
even the most loosely bound electrons in the stopping material,
and it is at these same low velocities that the moving atom will
finally acquire its full complement of electrons. The stopping pro-
cess now takes place through an elastic encounter between the moving
atom and the atoms in the stopping material. If the interaction can
be represented by a simple two-body potential, one may calculate
the rate of energy loss of the moving atom.

This section of the thesis discusses the theory applicable
to the velocity region (c) above. Our discussion necessarily leans
heavily on Bohr's 1948 paper--very little new has been said on this
subject since then; the differences between Bohr's results and the
theoretical treatment contained herein are discussed in Section .G
below. The calculations to follow are based on a classical orbit
picture, the use of which is justified in Section II. B. Section II.C

contains a formal derivation of the expression for dE/dR in terme
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of an arbitrary interaction potential. In II.D an approximation to the
screened potential is introduced to permit evaluation of an expression
for dE/dR. Range and range straggling are discussed in Section II. E.
Section II.F deals with the true path length in terms of the projected
path length. Section II.II discusses the expected range~energy behav~
ior outside the velocity region (c) above.
1I. B. Interaction Potential. Limits of Applicability of a Classical

Argument.

We consider the interaction between an atomic particle and
the matter through which it penetrates. The incident particle has
mass Ml’ nuclear charge e = Zle » initial velocity vy, and initial
energy EL' The atoms of which the matter is composed have mass
Mo.. nuclear charge e, = Zoe » and zero initial energy. In the center
of mass system the problem is equivalent to that of a single particle

of mass

M N .

at a distance r from a fixed center of force. To represent the elec-
trostatic potential in the vicinity of an atom of atomic number Z, we

follow Bohr (Bohr, 1948, p. 19) in using Y_é_lﬂ = Z€ e"R/a

R™! where
a is the "screening parameter". The screening parameter is obtained
from the Thomas-Fermi statistical model (Schiff, 1955) and has the
form a = aB/Z;/3 where ay is the Bohr radius hz/p.ez of the hydrogen
atom.

The total screening effect for the heavy atomns we are concerned

with depends upon the presence of the electrons in the incident atom

as well as in the stopping atom. We take the charge distribution for
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the incident atom to be Z€ exp(-Rlzll/ 3/ ;B)/ Rl’ the charge distribution
for the stopping atom to be Zoe exp(-ROZol/s/aB)/Ro, and take the
relative separation of the atoms to be r. It is shown in APPENDIX I
that the energy of interaction between these atoms is

1/3 1/3/
-rZ /a -rZ ap
z Z.¢€2 (202/3. 0 B 2/3, 1

041 e -Z1 e )

- . {(2)
T (202/3 i zlf./s’ |

V(r) =

By expanding the exponentials in this expression, we readily see that

V(r) does not greatly differ from the approximate expression

2 -r/a
Z.Z€ e
Vi = (3)
where
a=ap/ /202/3 ¥ 212/3 . (4)

The rather simple expression of equation 3 for the potential energy of
interaction between the atoms differs from the ordinary Coulomb inter-
action only by the presence of the screening factor exp(-r/a).

A classical orbit approximation will be used in the following
calculations and it is appropriate before going further to justify the
use of this classical approximation. It is first convenient to intro-
duce the de Broglie wave length X of the moving particle and also the

Coulomb "collision diameter" b:

2 2
X=H/M_yv, and b=222e/Mv . (5)

Bohr (Bohr, 1948, pp. 27, 18) then defines the following criteria for

the approximate validity of classical orbit calculations in scattering



problems:
(1. X<< b. In the experiments described in this thesis b/X

2 and 104

varies between 10 so that this condition is always satisfied.
(2). The potential must be relative}ly constant over the dimen-
sions of the wave racket representing the particle. The scale of the
variation of the potential in equation 3 is a, hence X must be much
smaller than a: X/a << 1. The quantity X/a is proportional to 1/vL and
for any energy greater than 0.25 ev, X/a <1. Bohr emphasizes the
fact that for the screened Coulomb potential small angle scattering
through angles less than X/a cannot be rep_resepted by the ori:t ap-

proximation.

II.C. Stopping Power and Energy Straggling.

As a first step toward obtaining the range and range straggling,
we would like to obtain general expressions for the total energy lost, |
and for the mean square deviation of the energy lost, in a section AR
of the total path R. These expressions can then be integrated to find
the range and range straggling. We begin 'by letting n i be the number
of collisions in path length AR in which an energy between Ti and
Ti + ATi is transferred to the stopping atom. n, is distributed around
its mean value w,, according to the Poisson law P(n,) = (winie.wi, /a1,
which applies to any problem involving random proceasses depending
on a large number of trials, the probability of occurrence of the pro-
cess being small and constant. The trials are the collisions with the
atoms along a path length AR which is long compared with atomic di-
mensgions. The total energy lost by the particle in AR is the sum over
all energy transfers, or AE = ?T R The average value of AE will

be given by
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2E =T, w, . (6)
i 11
For the mean square deviation of AE we have
2 Z _ .
2%(AE) = (AE - BE)° = ?rf(ni -w)’ = ;~i:'rf'mi : (7)
——s @ - n, =w,

since, for the Poisson distribution, (ni-w.) = Z {n,-w )z(w ie 1)/n.!
. 1 . =0 1 i i 1

= W, and the cross terms average to zero. We now introduce w; = N&Rdo‘i,
where N is’the number of atopping atoms/cm3 and dori is the classical
differential cross section for an energy transfer between ’I'i and Ti+ AT{'
Upon passing to the limit of very small energy intervals, AT i we obtain

for the average energy lost in AR
ZE = NAR 5 Tdo (8)

and for the mean square energy deviation

9%(AE) = NAR 5T2dc . (%)

The energy T imparted to the stopping atom is determined from the
kinematics of the motion. The‘ differential scattering cross section
is do = 2rpdp, where p is the impact parameter at which the moving
particle loses energy T. The impact parameter is defined as the per-
pendicular distance between the force center and the initial velocity
vector.

To find T, refer to fig. 1, which inuetrétes the determination
of the laboratory velocities ;I and -’O after the collision from the
center of mass velocity ;; = Ml?lL/(Ml*rMo). It is easy to see that
y =vysin ¢ = vosin[ ( t-@c)/Z] = v_sin_. Consequently, v0=2vcsin(9c/2),

"and as a result,
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T= %Iwi’ovoz =& 1 IL . sinz(ﬂ /2)=T sinz(e /2) (10)
; , c m c
(1\/;.1 + h/lo)
. 22
where T =4 MM, L/(m M) (11)

is the maximum energy lost by the incident atom in a single encounter.
The integral in equation 8 can be evaluated if T = T(Sc) can be
expressed as a function of p. The formal solution (Massey, 1952)
for the scattering angle 0 c between the asymptotes of the orbit of mo-
tion expressed as a function of p is
u =1/ T _in

O =7-2) pdu ) (12)

o Y1 - Via) (Mgt M)/ (ME ) = plul

where u = 1/r is the reciprocal of the relative separation r, V(u) is

the repulsive interaction potential energy, and uy = 1/ T in corresponds
to the turning point in the orbit and is determined from
2ir  Palavir  WIMAE, /(M + M) (13)
P /Trin min oL/ W T Tl

Equations 10 and 12 determine T as a function of p which can be sub-
stituted in equations 8 and 9 to yield formal expressions for AE /AR

and 2°(AE).

II.D. Approximate Interaction Potential.

The integral in equation 12 cannot be evaluated in closed form
for the interaction energy V(r) = Va(r) given by equation 3. Vie follow
Bohr in approximating V a(r) with an nth power repulsive potential

energy of the form

V_(r) = kn/rn. (14)



At a dietance R from the center, Va(r) and Vn(r) can be made to vary
in the same manner by equating the logarithmic derivatives of the two

functions at R to obtain

n=1+R/a and k_ =22 €%a” " (n-1)/e]"" (45)

where e is the base of the natural logarithmic system. It is seen that
for R << a, we have an ordinary Coulomb field, while for RZa, the
increased influence of the screening implies a field of the form given
in equation 14 with increasing vdms of n.

The principal contribution to the integral in equation 12 comes
from values of r in the neighborhood of S One therefore seeks to
match V_ and v a in the neighborhood of r = T onin® Matching the potene-
tial V. andV_atR =ayleldsV_= kzr'z. which can be integrated in
closed form, and which should give a good approximation to the scat-
tering of particles for which T A The ratio rmm/a. depends on
p as well as on E, Let r;nin T oin for p = 0, the minimum distance
of closest approach in head~-on collisions. The ratio r;n in/a, varies
from ~0.1 (for 500-kev A ions or 50-kev N and Ne ions) to ~3 (for 10-
kev Xe ions in Be and Al). Nielsen (Nielsen, 1956) has proposed that
a potential of the form V = kzr'z should be a sufficiently good approxi-
mation provided that 0.5 < r;nin/a < 2. If we adhere rigorously to
these limits on r;nin/a, and further demand, for example, that 90
per cent of the stopping process occur within these limits, then we find
that the approximate potential kzr'z should apply only to the following

region of our measurements:
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Xe in Al and Be 300-~-500 kev
Kr in Al and Be 100«=~500 kev
A in Be, B, and C 0-~ 50 kev

None of our measurements with N and Ne ions fall within these limits
on r’mm/a.

We now proceed to solve equation 12 for an interaction potential
of the form given by equation 14 with n = 2. The upper limit, uoal/rmin.

on the integral is readily seen from equation 13 to be l/rmin =

-l
[p2+ k,(MtM)/AM E; )]™%. With this upper limit in mind, then,

the integration is quite easily performed with the result that

1 .
8 (p)=x |1~ i - (18)
¢ " [1+ kz(Mo+ Nil)/(pzx\fioEL)]%

Solving this equation in turn for the impact parameter p in terms of

the scattering angle Bc yields

p° = p,> [#%/(2n0, - 0.5 -1 . a7

p 2 ] 2
where P =ky(My+ Ml)/(MOEL) = 22,7 4€ a/MrVL e=ba/e, (18)

by use of equations 5 and 15. Since the classaical differential scattering
cross section is do = 2#pdp, direct substitution of equations 10, 16, and

18 into equation 3 yields the following:

p=co p=o
ZE/AR = NT_ | sin2(6_/2)2mpdp = 2aNT__ | pdp- cos?l 7/(2 J1+p /p)] -
m oo ¢ m‘}pzo c

(19)
The result of the integration, the details of which are given in APPEN-

DIX 11, is
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NT ﬂzp 2
3E /AR = —5—2- [ -4/x + 28i(7) - si(2m)] , (20)
ﬂx
where Si(x) = 50 L D (21)

Evaluating the sine integrals (Jahn,.e and E=.de, 1945) and substituting

for T, and pcz by use of equations 11, 5, and 18 we obtain

N .
%e Nm zozle"%w‘ (.9968) . (22)

It is interesting to note that this expression is indep..ndent of the par-
ticle energy.
In order to compute the energy straggling, we substitute equa-

tions 10, 16, and 18 into equation 9 to obtain

o pee
o?(aE)=NART 2 \ sin*(0_/2)2mpdp = 2¢T ZnaR \prdp- cos ¥z /(2 it pcz/pz)] .

[¢ p=0 a. =0

(23)
The result of the integration, thc details of which are also given in
APPENDIX 11 is
2 W&NpETanAR
RYAE) = ry [ -4/x + 2Si(7) - 25i(27) +1Si(47)]
2., 2.2 24
n L\echmAR (24)
= vy (.3145)= P,AR,

where the sine integrals have been evaluated and lumped together into
the numerical constant (. 3145). Equation 24 gives the mean square

deviation of the energy AE which is lost in the path length AR.

II.=. Range and Range Straggling.
The expression for AE/AR in equation 22 is independent of energy

and can be integrated directly to obtain for the total range
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(M + M) Z, +2, . E/ ' (25)

R{cm) =
M 0% 7%.9968) €%ap

where the screening parameter given by equation 4 has been included.
We obtain the final expression for the range by using the fact th'atv

N = Nopo/Mo. where p, is the target density, and by collecting the
various numerical factors into a single constant as follows:

z0 +2‘1' hiO‘MO+M1)

0“1 M,

6. 0.602

t(kgm/cm®)® R x 10 E, (kev). (26)
The fluctuation in AE which is specified by the mean square

energy deviation Qz(AE) in equation 24, will give rise to a Gaussian

distribution of the values of AR corresponding to a fixed amount of

energy loss AE with a mean square deviation (Bohr, 1948, p. 127)

given by
2 2 P AE
22(aR) = 0%AE) Bp) =GR P, REAE=——y  (27)

where use has been made of equation 24. Upon integrating equation
27 over the entire energy range, therefore, we obtain the straggling

in the total range, viz.,

E E
L L P dE
2(r)=\ @%aR)= LA (28)
S; s (aE/dR)>

Z

N M, Z, 2, 72(. 9968) (2
MoF M, Py

o
Yzzo7 3, le; 3

which is inde pendent of energy, we obtain with the help of equations

Since dE/dR = ap = K, a constant

11, 18, and 24
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P FL P 2
QZ(R)=§-‘-’--%- EdE=%E-y—%-.:— ,
L K L
which is readily simplified to
2,. M M M ML
» . 2
2°(R) ___2(0 34145) 01 gy 01 , (29)
R {(0.9968) (M:0+ Ml) (M0+ Ml)z

with the aid of equations 11, 18, 22, and 24.

II.F. True Path Length in Terms of Projected Path Liength.
The true path length R can be expressed in terms of the pro-

jected path length Rp by the following relation (Bichsel, 1357):

2

95

R-R :%2::! (30)
1

P i

where ‘i is the distance between the ith and (i + 1}th small angle cole-
lision, and @ i 18 the net accumulated angle between the initial beam
axis and the particle velocity vector prior to the (i+1)th collision.

Equation 30 can also be expressed in integral form

@ “(L)at,

1 R
R-Rp=-2-j (31)
0

where @z(l), the mean square deviation in angle from the initial beam

axis at a distance { along the true path,is given by Fermi (Fermi, 1950):

—

Y ~ Pmax 5
~ ae) | ar | 8¢ (p)2mpdp
&) = nit) o> = 9 on/u) : (32)

9, is the laboratory angle between collisions, n(f) is the average num-

ber of collisions suffered by the moving atom in a distance 1 along the
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path, N is the number of stopping atoms/cms. and p is the impact
parameter.
The laboratory scattering angle BL is expressed in terms of

the center of mass acattering angle Oc by the relation
cot GL ==—ﬁ5 csc ec + cot Gc ,

which for Ml >> MO becomes:

M

0, = -ﬁ—f- sin O (33)

Substituting equation 16 into 33 and the result into equation 32 yields

MO 2 (- zna;m 2 .
(l) = 27N (}'7:;) g dl ‘) sin

0 0 yi+ pc/p

The second integral is readily evaluated along the lines of APPENDIX

pdp.  (34)

1I, so that equation 34 becomes

] 2
— M 2 P
G (1) = 22N (---) § dt [—4—-" (2 si{2n) - Sianr))]
0
]
2 M, 2
-.-Iz-mu 373) (——-) S dt pi
0
My 2 ~E(2) dE (Mgt M)
= X N(1.373) { ‘
"z- m;’ S (£=0) * [@E7an) z"“E—

where the sine integrals have been evaluated and equation 18 has been
used, Ei is the initial energy with which the ion strikes the target,
and E is the energy of the ion at a distance £ beneath the surface.

Therefore



l7-

Iy . =rt N(1.373) Mo 2 KalMgtM) g
@°(t) =~ —(égva-nl(-m—l-) --—-—m-a-——-- n-g;. (35)

Substituting equation 35 into equation 31 we obtain
£(1--R)

R . \§1 373) (Mo2 lp{Mg+ A) -dE_ | E
My Mg )Ei(£=0) @E7dD" " £y

_rr® NQL. 373) (M 2 ky(dghagy) "‘Ef/"f‘ =0
'

- E, [xlnx -
1 (@E/an)® M i Do =l

7% N(1.373 (Mo 2 k,(Mgrag))
r'y T M

d 1 %

-
-

R,

since E./(dE/d2) = R and x 1n x—0 as x~0. Upon substituting for di:/as

from cquation 22 and k, from equation 15 we obtain for M>> Mg

o
1.373 0.1 M
R- Ry =30.998) ™, ® = z7507 5 R
M
or 'r-“mr M 2> Mg- (26)

II.G. Comparison with Other Theoretical Analyses.

Bohr and his collaborators, Nielsen, Lindhard, and Scharff, have
previously analyzed the energy loass by elastic scattering. OCur equation
26 for the range is identical with that obtained by Nielsen (Nielsen, 1956).
Lindhard and Scharff (Lindhard, 196la) derive an expressgion for (AE/NAR)
which agrees with our expression 22 except for the constant (. 9968),
which is 1.0 in their expression. Bohr (Bohr, 1943; p. 139) derives an
expression for dE/dR in the limit of MI/MO >>1 and Z]./Z0 >>1
2/3 x 2

dE/dR~ aN ap Z,
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while our equation 22 yields, in the same limits,

dE/dR = N ag zf/szoez (0.9968 w/e) .

Bohr's expression for dE/dR above is based on an isotropic scattering

approximation, d¢ = (0/4r)dw, where o = ‘Epg . Repeating his calcula-

tion we find, again in the same limits

72/32’. el 2/e.

dE/dR = aN ag 1 o

The isotropic scattering approximation thus yields a value of dE/dR
about 2/3 the value obtained by using do from equation 16 or 17.

The expression for 9 %(R)/R? given by Bohr (Bohr, 1948; p. 140)
is also based on the isotropic scattering model and is exactly a factor
Z greater than expression 29 above. If Ml >> Mo, it is seen from equa-~
tion 11 that the particles can lose only a very small fraction of their
energy in a single collision and, as a result, the values of AE, corres=-
ponding to a section of the range for which the average number of col-
lisions is large, will be distributed according to the normal law of
error. I« Ml < Mg the incident particle will in almost svery collision
suffer a large deflection and the stopping and straggling will thereby
be overshadowed by diffusion effects. Consequently, when this latter
condition applies, the distribution may then deviate markedly from a
Gaussian law. Bohr therefore considers only M, >> M‘O and uses for

the range straggling
2 (R)/R% = (4/3) (My/M). (37)

Nielsen quotes this same expression, but Lindhard and Scharff (Lind-
hard, 196la) use the same expression as our equation 29. For those

cases where M1'>> Mo and where the theory as we have developed
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it is applicable, we thereby expect the range to be distributed accord-
ing to the normal law of error
-(R-R)%/2 0 °
WoR) = [/ 2w agll- e ' (38)
with most probable range R given by equation 25 (or 26) and ﬁw stand-
ard deviation Q 0 given by equation 29.

Lindhard and Scharff (Lindhard, 1961a) also make a more exact
calculation of the range as a function of energy by using the potential
energy V{r) = zlzoe 2(p o(z'/a.)/z: » where qoo(r/'a) is the Fermi function
of a neutral atom. The result of thelr numerical integration gives a
range-~energy dependence falrly close to that predicted by our equation

26. Their curve predicts a greater range for the following energy

region:
Xe in Be and Al: 0~--~85 kev
Kr in Be and Al; 0--~35 kev
A in Be: 0--~ 5 kev

with the maxdmum discrepancy being~ 30 per cent at roughly one-third
the maximum energies listed. For higher energies than those listed,
their curve predicts a smaller range with the maximum discrepancy
being 12 per cent at 150 kev Kr in Be or 400 kev Xe in Be, The differ-
ence between Lindhard and Scharff's range-energy relation and that
predicted by equation 26 may be seen in figures 11-18 in which the solid
curve is given by equation 26 and the Lindhard-~Scharff expression is
plotted as a dotted curve.

Lindhard and Scharff (Lindhard, 1961a) have worked out the fol-

lowing expression based on a r'z type potential for the projected path
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length in terms of the true path length:
WM,/ 1-M,/
9 M1 + arc cos - 0 Ml (39)
2Y Mo/My

5— s%[ -1 =3My/M, + (5 + My/M)) >
p

=1+ MO/(sml).

Their result R/Rp = (1+ M0/3M1) agrees quite well with our value in
equation 36.
Lindhard and Scharff alao make the statement that as far as the

range straggling is concerned

Q°(R_) = 2°(R). ' (40)

1II.H, Expected Range-Energy Behavior For Velocities Outside the
Region of Our Approximation.

We have listed in Saction Il.D the energy regions over which we
expect the theory based on a kzr'z potential to be valid. For velocities
which are larger than the velocities of this region the screening effects
become negligible; therefore, the energy loss, AE/AR, due to nuclear
colliaiéns will have a different energy dependence which can readily be
found. It is well known (Bohr, 1948, p. 6) that the relative scattering
angle 0 c between the asymptotes of the hyperbolic orbit of motion in

an ordinary Coulomb force field is
tan (6_/2) = b/(2p) (41)

where b is the "collision diameter" (equation 5) and p the impact parame-~

ter. One readily obtains, then, for the Rutherford differential scattering
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cross section
do = 27pdp = (27b%/4)cot(0_/2)csc?(a_/2)a0 /2
= (27b°%/8) a(sin®e_/2) / (sin®e_/2)= x(b?/4)T_ (aT/T?),

where use has been made of equation 10. Putting the latter expression
into equation 8, one obtains for the stopping due to nuclear collisions

in an unscreened Coulomb field

EE/AR = x(b®/4)NT _log(T_/T (42)

min)

where Tmin is the value of T corresponding to the limiting angle emi n
depending on the screening of the field. Thus, when the velocity of
the incident particle is sufficiently high that screening effects are neg-
ligible, equation 42 describes the energy loss due to elastic scattering,
and equation 22 is no longer applicable. |

In order to determine roughly what value of emin corresponds
to Tmin' we first recognize that as long as the impact parameter p iy
small compared to the screening radius a, the deflection will occur
essentially in the unscreensd part of the field, but when pZa the screen-~
ing effects are important and must be considered. Consequently, if we
take p = a as the limiting impact parametei' corresponding to Tm. , We

in
see from equation 4l that o . ~b /&, and that

i 47N Zizgét1 a Mrsz
x5 = log (43)
M, v ‘ Z, Z.€ é
0L 170

where equations 5, 10, and 1l have been used. It is seen from this latter
expression that AE/AR due to nuclear collisions decreases with increas-

ing velocity. If the stopping were determined entirely by nuclear stopping
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effects, then,we would expect the range to increase as a function of
velocity for velocities where equation 43 is applicable. .

It is at this point, however, tl;xat the problem becomes extremely
difficult. As long as the velocity of the particle is such that the dura-
tion of the collision between the two interacting atoms is long compared
to the periods of the electrons within the stopping atom or the moving
atom, then the interaction potential between the particle and the elec-
trons changes so slowly that the collision {8 essentially adiabatic, and
no ehergy is lost to the slectrons (Bohm, 1951). When the velocity of
the particle increases to the point where the collision is no longer adia-
batic, then energy will be lost due to electron excitation and ionization
of the atoms along the path. Unfortunately, however, there is no ade-
quate theory available for elactron excitation and ionization of the stop-
ping atoma by thre penetratihg atoms when the velocity of the penetrating
atom is roughly the same order of magnitude as the velocity of the least
tightly bound electrons within the stopping atoms. Seitz and Koehler

(Seitz, 1956) obtain an approximate expression, (AE/ AR) o vLZ

s by
asswming that the conduction electrons of the stopping material, which
is assumed to be an ideal metal, are scattered {sotropically by the
moving atom. Their expression gives, for 500-kev argon atoms in
beryllium, the same order of magnitude for (AE/AR) e 28 does expres-
sion 43 for the elastic collisions at the same velocity. Fermi and Teller
(Fermi, 1947). obtain an expression for the interaction between a nega-
tive meson and ehﬁ electrons of a degenerate electron gas in the velocity
region of interest to us. Presumably their epression would not be

applicable to the case with which we are concerned because the inter-

action cross section between a meson and an electron would be expected
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to differ from the interaction cross section between a neutral (or nearly
neutral) atom and an electron. Another estimate is that of Lindhard
and Scharff (Lindhard, 1961a) using the charge dependence of AE/AR

based on a8 Thomas-Fermi treatment:

2
Br€ a, 2, Z v
1 E B ™1 70 L
W‘%ﬁ’egge 2/3 . 2/3.37/2 V. (44)
(Zl +Zo ) 0
where ge is of the order of 1--2, but may vary with Z1 approximately
as g = Z:/é, and v, = ez/'h. Equation 44 is predicted to be a first
approximation valid for velocities vy, small compared to le / 3v°. Exe

pression 44 gives, for 500-kev argon atoms in beryllium, = 2.5 times
the value of {AE/AR) given by equation 43 for the elastic nuclear col-
lisions at the same velocity. |

Ag the velocity of the inoving atom continues to increase still
further, however, it is known that the ~lectronic collisions completely
dominate the stopping process which can be described, for veryvhigh |
velocity particles, by the familiar Bethe-Bohr theory.

For velocities smaller than those velocities for which the theory
of section II.D is expected to be valid, a different consideration applies.
From expression 20 it is seen that AE/AR is proportional to Tmirp‘;'z.
By considering a‘pcz to be roughly the total scattering cross section,
it is seen with the aid of equations 1l and 18 thét the dependence upon
~ energy of AE/AR is lost in the theory of section II. D because of the
presence of the factor E/ in the denominator of #p CZ. When, as is
pointed out by Bohr (Bohr, 1948, p. 49), the velocity is very low and

the screening is great, the total cross section is of the same order of
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magnitude as the gas kinetic cross section, which is energy independent,
and AE /AR is then proportional to the energy. Thus, a logarithmic

range~energy curve would be expected at these velocities.
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IIl. EXPERIMENTAL METHOD AND ANALYSIS OF DATA

I, A. Equipment and Vacuum Conditions., Ion Bombardment Pro-
cedure.

The method used in the experiment is very simple. It amounts
to bombarding a thick smooth target with heavy ions at a predeter-
mined énergy and then using a protont beam as a probe to determine
how far the ions penetrate beneath the surface of the target. The
600-kev electrostatic generator, ﬁsed to accelerate the heavy ions and
the protons, has been described in detail by Wenzel (Wenzel, 1952), so
that only a brief description pertinent to the present experiment will be
given,

The generator was fitted with four metallic gas bottles and a
four-way valve so that one could manually switch from heavy ions to
protons while the generator was running., The heavy ions and protons
weare produced in a conventional i-adio-frequency ion source (Moak,
1951) mounted at the upper end of the accelerating column. . A strong
deflecting cross-field magnet, with fleld perpendicular to the direction
of the lon or proton beam and capable of bending 500-kev xenon ions
through ~ 3°, was used to select the desired sinpgly-charged mass
caxhponent of the beam after acceleration. This particular companent
of the beam was rendered monoenergetic by a 90° electrostatic analyzer
of 30. 25 inch mean radius and 1/16 inch entrance and exit slits. The
analyzer was calibrated against the F19 (psr y) 016 resonance at
340.5 + 0.3 kev (Bondelid, 1959).

After the target was bombarded by the heavy ions, protons were

then elastically scattered from the target-plus-embedded atom configu-
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ration. The scattered protons were analyzed in momentum by means

of a double focusing magnetic spectrometer with the following specifi-

cations:
Mean equilibrium particlé orbit 8
Collector slit width 1/32»
Momentum resolution FP/AP 800
Scattering geometry Incident beam horizontal,

scattered beam 14, 5° be-
low horizontal

The spectrometer was calibrated against the previously calibrated
electrostatic analyzer energy scale by observing the distribution of
protons elastically scattered at a given angle from targets of known
composition. The number of protons scattered into the spectrometer
for a fixed incident charge upon the target was determined with a Csl
scintillation counter,

| The charge incident upon the target during the ion bombardment
or the proton scattering was fixed by allowing the target current to
charge a condenser to a predeterrﬁined voltage. When this voltage was
reached, a trigger circuit operated relays which (1) energized a
solenoid-operated beam shutter to cut off the ion or proton beam and
(2) stopped the counters after each proton counting cycle.

If the proton scattering cross section is essentially Rutherford,
then it is to be expected that a much greater concentration of nitrogen
atoms would be required in the target because of its low atomic number
than, say.' xenon atoms in order to sec either of these impurities in the
proton scattering. Itis desirable to keep the impurity concentration as

small as possible, yet at the same time, have its presence distinctly
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manifested in the target. Different ion beam currents and different total
concentrations of charge were tried until the optimum concentrations of
embedded impurity atoms weré found. The actual beam currents and
ion concentrations used throughout the experiment are summarized in
Table I.

The time required for a suitable ion bombardment varied from
one minute to two hours. At 50 kev it was extremely difficult to obtain
an ion beam, and although the total charge deposited was comparatively
small in the case of xenon ions, for example, the time consumed in such
a bombardment varied from thirty minutes to an hour. At higher ener-
gies where better ion beams could be obtained, the time consumed was,
of course, much less. The experimental procedure was to make the ion
beam épot as diffuse as possible over as wide an area as possible, and
then to trim the proton beam down to  1/32"x1/32" to 3/64'x3/64"
and strike the surface previously bombarded by the ions.

The target chamber was fitted with two liquid nitrogen cold traps,
one immediately surrounding the target and the other at the target
chamber-diffusion pump junction, for the purpose of keeping the diffu-
sion pump oil condensation upon the target at a minimum. Because of
the large ion bombardments and also because of the occasionally large
proton bombardments required to obtain sufficient data to calculate the
range, the pump oil condensation on the target surface proved to be a
serious factor. The condensatibn could have been minimized by heating
the target electrically, but presumably this would have caused the em-
bedded atoms to diffuse throughout the target, and would therefore have

introduced a more serious problem than the surface contamination itself.
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The electrical heating method, therefore, was not used and the data
were corrected accordingly for the presence of the surface contamina-

tion.

IIL, B. Targets. »

’I‘I_me targets bombarded by the heavy ions in this experiment were
beryllium, carbon, aluminum, boron 10, and natural boron. The beryl-
lium targets used throughout the experiment were made from strips of
beryllium metal 1/16'"x1/4"x6" obtained from the Beryllium Corpora-
tion of Hazleton, Fa. The manufacturer's specifications on these beryl-
lium targets indicated a beryllium purity in excess of 98. 6 per cent with
the principal impurities being oxygen, aluminum, and iron. The alumi-
num targets used in the nitrogen ion bombardments were made from
1/16"x3/8" strips of Ducommun aluminum alloy 6061 with aluminum
purity greater than 96 per cent, and the principal impurities being iron,
copper, manganese, silicon, and magnesium. The aluminum targets
uged in the xenon and krypton ion bombardments were made from 1/16"
x 3/8" strips of Ducommun aluminum alloy EC 1100 with aluminum pu-
rity greater than 99 per cent. The carbon targets were made by ma-
chining 1/16" thick disks from a 3/8" diameter graphite spectroscopic
electrode obtained from the National Carbon Company. The boron tar-
gets were obtained from J. C. Overley of this laboratory, and were
made by depositing boron layers on a 25/32'" diameter, 0.010" thick
polished tungsaten disk by the thermal decomposition of diborane (Over-
ley, 1961).

Strips of beryllium and aluminum approximately 1 l/"l-” long were

smoothed down with 600A silicon carblide grit paper. The strips were
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then carefully washed with distllled water to insure that none of the sili-
con carbide grit remained on the surface.of the strip, and were next |
polished with 2/0 grit emery polishing paper. Another washing and
polishing cycle using 4/0 grit emery polishiug paper followed, and the
polishing process was completed by polishing the strips witﬁ a cloth sat-
urated in red rouge polishing compound and kerosene. The targeis were
then washed several times in alcohol and distilled water and were ex-
amined under a microscope to insure that no surface scratches were
present. The carbon disks were polished as smoothly as possible with
2/0 and 4/0 grit emery polishing paper, but it was not possible to
maintain a microscopically smooth surface because of the softness of
the graéhite.

The target purities were checked by the elastic acattering of pro~
tons from the targets. The proton scattering was assumed to be Ruther-
ford, and the results of the scattering are indicated in Table II.

The impurities listed in the table are in reaskonable agreement
with the manufacturer's specifications. The one exception was that of
the aluminum alloy 6061 where the combined impurities of silicon and
magnesium were listed at ~1.5 per cent by the manufacturer. These
impurities were not seen in the elastic scattering momentum profiles,
and if the impurities actually were present, it is felt that their effect on

he range measurements would be negligible since the mass numbers of
these impurities are very close to the mass number of aluminum itself.

The impurities listed in Table Il are small, and consequentily the
effect of the impurities upon the range measurements is also small;
nevertheless, the small systematic deviation introduced by these impu-

rities was considered in all the measurements.
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111, C. Method of Analyzing Experimental Data.

The procedure for surface analysis by proton scattering has been
described previously by Rubin (Rubin, 1959) and by Brown, g_g al. (Brown,
1951). The measurements of the present experiment are concerned with
the location in the target of a known impurity, and the analytical proce-
dure for determining this location must be carried out on a slightly dif-
ferent basis. |

The essential features of the proton scattering are illustrated in
fig. 2. A monoenergetic proton beam of initial energy EIO enters the
target at angle 8 1 with respect to the surface normal and penetrates to a
perpendicular distance S beneath the surface. The protons are then
elastically scattered from the target atoms and emerge from the target
with energy EZO and at an angle 02 with respect to the surface normal.
Since the incident proton beam loses energy at th'e rate p(%E:’c)l » Where
p(%g—) 1 is a variable monotonic function of the energy along the path x,
we can write the incident energy at a given distance 3 beneath the surface

asg:

¢ &E
Eig = Epp - | o0 o (45)
Els(x=S/coael)

The protons are scattered through an angle BL in elastic collisions with
the target nuclei. We denote by M1 and M, the proton mass and target

atom mass, respectively. If E 18 and EZ are the proton energies im-~

S
mediately before and after the scattering, respectively, then EZS =
a (OL. Mg, MI)EIS » where conservation of energy and momentum re-
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quires that

(46)

al/z,,F M, cos 8, . Ml—cost 2 MM ]

. ( ) TR
L MTM, COMpEM, Moty

The energy EZS of the scattered protons at the distance S beneath the
surface is related to the energy EZO with which the protons emerge from

the target by:

Ezs(x=S/cosez)

¢ 4E
Exs=Ept ) pla)z & (47)

E, 4{x=0)

Combining equations 45 and 47 by means of the relation E,=0(0; , 3, M),

one obtains

. 18/&:0362
Eyp=am-a| @B a-{ @) “u, (48)
S/cost 0

which is a relation among the initial bombarding proton energy EIO’ the
emergent energy EZO of the scattered protons from the target, and the
depth S at which the scattering nuclei are located. The integrals can be
evaluated numerically if the target composition {8 uniform. In practice,
however, the integrands aré evaluated at some intermediate energy Ep
between the end point energies. The actual determination of the inter-
mediate energy will be discussed later. (See Section III. D).

In the procedure followed in this experiment, EZO is fixed by the

magnetic spectrometer. All the angles are fixed, and ElO is varied in
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ofder to discover those particular values, Ew' » for which counts are
observed in the scintillation counter at the detector end of the spectrom-
- eter. Each such value Em' determines by equations 46 and 48 a relation
between the mass of the scattering nucleus M, and the depth S of the
scattering nucleus beneath the surface of the target. Neither MO nor S
is determined explicitly without further information, but in practice the
target composition and expected contaminants are known, and further-
more, thin layers of contamination are almost always surface layers
with S = 0. Atoms distributed in the target over a range of S lead to a
continuum of Em' . A typical experimental result is indicated in fig. 3
" where the number of counts observed in the scintillation counter for a
fixed incident proton charge upon the target is plotted as a function of
E;5- Such curves in the following discussion will be referred to as mo-
mentum profiles for the target. Scattered protons which are detected
at E10 = 322, 354, and 377 kev can be identified with the aid of equations
46 and 48 with S = 0 and with M, = 28, 16, and 12, respectively. It is
expected that there are surface layers of silicon, oxygen, and carbon
which come from the diffusion pump oil. The continuum beginning at
Ep = 445 kev marks a distribution of nuclei with mass nine beginning
at S = 0 and extending into the target.

Figure 4 gives the results of elastic scattering of protonse from
a clean beryllium target which had been previously bombarded by 300 kev
krypton ions. The three peaks at 320, 350, and 375 kev can again be

identified with S = 0 and w.ith M, = 28, 16, and 12, respectively, as be-

0
fore. The broad peak at Ep= 334 kev could be identified with S = 0 and
mass M, = 21. 2; however, this peak was not observed when protons

were scattered from beryllium before the krypton bombardment. Hence
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it is reasonable to identify this group with mass 83. 8, and equation 48
then determines the distance S at which these ions are embedded in the
beryllium. The breadth of the distribution indicates that the krypton is
distributed over a region of S values as a result of straggling.

It is necessary to obtain two momentum profiles for each ion
bombardment; one from a clean target of the stopping material and an-
other after the target has been bombarded with the ion at some predeter-
mined energy. By subtracting the two profiles from each other, one can
obtain the distribution of the embedde'd atom inside the target as a func-
tion of the distance S by use of equations 46 and 48. The peak is taken
to be the probable range, and the energies corresponding to the half-
maximum points on the embedded atom peak in the momentum spectra
are used to calculate two other penetration depths, the difference of
which is considered to be the range straggling in the experiment.

An example of the distribution of the embedded atoms in the tar-
get as obtained by subtracting the clean target profile from the bom=~
barded target profile is given in fig. 5. The indicated error bars on the
ordinates are probable errors in the counting statistics. A smooth
curve was drawn by eye ghiough the observed points. The uncertainty in
the energies of the n%a.ximum and half-maximum points resulting from
the uncertainty in the actual shape of the curve drawn through the ob-
served points is indicated. These uncertainties in the energies were
assigned on the basis of several attempts to draw any reasonable curve,
other than the one given, through the observed points.

Figure 4 also indicates that there are instances when the maxi-
mum of the broad peak may be coincident with one of the surface con-

taminant peaks, and consequently, a greater uncertainty in the distance
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5 correspoﬁding to the energy }5:1 O' at the peak will result. This super-
position can be; elirninated by simply changing the angles GL. 91. and 82
of fig. 2. For example, if one desires to shift the broad peak to the
right (relative to the contaminant peaks) in fig. 4, he can readily do this
by decreasing the lab angle BL and increasing the target orientation an-
gles 81 and 92 . Om the other hand, since 0 has the property of increas-
ing towards unity with decreasing OL » it is to be expected that the rela-
tive separation between the surface tontaminant peaks will decrease

with decreasing 6 One may therefore choose to compromise between

L.
the relative separation of the contaminant peaks and the location of the
broad peak relative to the contaminant peaks. Because it was usually
not obvious beforehand where the broad pealt would be located, the labo-

ratory angle 8, wag always fixed at 129° or 130° throughout all the

1
measurements.

0Ol. D. Calculation of Range for A, Kr, and Xe lons.

We now evaluate the integrands of equation 42 at the intermedi-
ate energies EP“) and Ep(z) for the first and second integral, respec-
tivelv, and find that |

s dE cos,
E20 = ®Eyo - Tou0; [“ p'&! | )" ceem, p &’ }‘4"’
E
p

I we define the proton stopping cross section € (E):p(dE/ Nadx),
where N ig the number of stopping atoms per cm3, we can solve equation

49 to obtain
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(aElo-Ezo)Mo cose1

Ham/em)mpgs = (), , S°%9 (2) =0
[ape(Ep )+ E—;ﬁzpe (EP ) NO

py 18 the density in gm/cm® of the stopping substance, N_= 6,025 x 107>

is Avogadro's number, and MO is the gram atomic welght of the stopping
atoms. If the concentration of the embedded in;purity atoms is negli-
gible; then the density, stopping atom mass, and proton stopping cross
sections are simply those of the target which was bombarded by the
ions. If the embedded atom c;.oncentration is nct negligible, then a dif-
ferent procedure than the one outlined in this section must be given (see
Section IIl. G). We calculate the range by using Eypat the maximum of
the peak in fiz. 4 or fig. 5 and using « (85 » My, Mﬁ) 2 I for the em-
bedded atom. The proton energies, EI 0 and EZO' must be corrected
for the energy lost in the surface contaminant layers, but we shall as-
sume for the present discussion that this has already been done, and
that EIO and EZO are the corrected proton energies.

Chilton, Cooper, and Harris (Chilton, 1954) have worked out the
intermediate energy Ep at which the stopping cross sections should be
evaluated. By assuming that -p(dE/dx) = XE”Y, where y and k are con-

stants over the energy region of interest, they obtain the expression

2
1) ,AE
E, = E {1+ ‘(%Z‘,' ‘E;" oo, } o, (51)

where E, is the average (E1+Ef)/2 of the initial and final energies, and

AX is the difference E‘i'Ef

vy's are slightly different in the present experiment for the various tar-

of the initial and final energies. Although the
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gets bombarded by A, Kr, and Xe in the energy region of interest, the
individual y's are very nearly constant over the small energy intervals
used in the range calculations. The most extreme case, that of 500-kev
argon ionsg in beryllium, indicated a difference of less than 0. 2 kev be -
tween E_ and EP . Since the stopping cross section curves (Whaling,
1958) can be read in the vicinity of 300 kev only to within ~ + 2 kev, the
difference in E a and Ep {s negligible, a.nd E a Was used in all the compu-
tations.

To obtain E 2t Ve eliminate S from equations 45 and 47 and solve

for EIS' This givesb

<:ma81 E(E“))
o0, Ejpt Ezp uEi'z’)
ElS = b {52)

cos®, ¢(E ’)

coa§2 T f:?giﬂ)

We evaluate e(E(l)) at E, ., and e(E(Z)) at E,, to find a zero order
PP 0 PP 20

1
EI(SO ) . Since EZS = aIE 15+ We can readily find first order average
energies [(E10+E1(§)')/2] and[(EzO+E2(So))/2]. These average energies are
then used in expression 52 to obtain better values for Els and EZS' and
the iterative procedure is continued until El s and EZS remain constant.
Once the energies E;“ and Eéz) are known, the range is given by equa-
tion 50.

An alternate procedure for calculating the range which presum-
ably would eliminate all uncertainties in evaluating the integrals of
equation 48 may be described as follows. Cne obtains a range-energy

curve for protons in the target material. The graph should be sufficiently
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accurate that range differences can be read to within 0.1 p gm/cmz and

9)

energies to within 0. 2 kev. One chooses arbitrarily any energy E (,. such

that E E (G) < El ~ » and then reads the range difference t(Ew)—t(E(o))

2«3
from the graph. The quantity [t(Em)-t(E_ls )] cos 8, represents our

first estimate of the penetration depth. The range
da 2O - 20 (ye ). yE ) = w0
Iis <:c)sU2 10 B 20
is next obtained, and if the energy corresponding to t(Ez(g)) is EZO'
then the range difference [t(E 10) - t('ﬁ‘ )] cos8, is the desired pene-

tration depth. If the energy corresponding to i(Ez(g)) is not EZO‘ one

picks a better E 1(50 ) and repeats the process. The procedure is continued
until an EI(SQ) is found such that the energy corresponding to t(E( )) is

precisely E This alternate procedure of calculating the range was

20°
used as a check on the argon and krypton in beryllium measurements by
the previous method. Unfortunately, the proton range-energy curve
-which was used gave range differences only to within + 0.2pgm/ cn;z. The
penetration decilis calculated by the alternate procedure agreed with

those calculated by the previous method within the same accuracy, viz.,

+ 0.2pgn1/cm2.

III. E. Range Straggling for &, Xr, and Xe Ions.

In the present experiment we are arbitrarily defining tl.e range
straggling as the full width at half maximum of the distribution of im-
purity atoms as obiained from the momentum profiles. It is to be ex-
pected that the observed width is broader than the "true' width as a re-
sult of the following scurces which produce a lack of resolution in the

results: variation in proton beam voltage, finite proton beam spot size
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upon the target, finite exit elit size, variation of scattered proton encrgy
with angle over the spectrometer entrance aperture, and proton energy
straggling in the target.

Let us ascsume that the above finite sources of resolution, except
for the proton straggling, combine in such a way that the resultant in-
strumental spread in energy of the observed protons is gaussian in shape
(see Brown, 1951). ‘Then the slope of the leading edge of the continuum
distribution in the momentum profile, cvaluated at the midpoint of the
rise of the step, is 1/{ V2wo ), where o is the standard deviation of the
distribution of energies.

The variation of scattered proton energy with angle over the en-

trance aperture of the spectrometer is reflected as a variation in the in-

o ol
cident proton energy by means of the relation 6E1% = - —-i}- -5-5—-?— Erer&GL
o L

T
. \ ‘ ) T Ny T
as is readily obtained by differentiating EIS = EZS/a ‘I‘(GL' MO R M}" The

spectrometer entrance aperture, SOL » is obtained from Cverley's cali-
bration (Overley, 1961.). and is approximately 4. 2° at GL = 130°% If we
assume that the distribution of energies arising from BE?S/E)GL is rec-
tangular, then the mean square deviation of these energies is

(1/ 12)(5EITS)Z. Since we are interested, however, in obtaining the effect
of the instrumental width on the impurity atom distribution, we can sub-
tract out the variance of the BErfS/ BGL distribution for the target atoms
at the surface and add to the result the variance for the impurity atoms
(1/ J\Z)(&EIIS)Z inside the target. his gives, as our estimate of the in-

strumental spread of energies:

2 2 1 T2, K 1 1,2
Cinst =% 1T {6 Ew) i va (56 ELS) . (53)
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As an estimate of the mean square energy deviation due to proton
straggling in the target thickness NAR and atomic number ZO’ we use
(Bohr, 1948, p. 95), «rg = 4n4NZOAR. The incident proton straggling
over the path AR = S/case1 is reduced by a factor @ = (dEz/dEl) in the
scattering event and added to the straggling over the emergent path

s/ €088, to find the total deviation in E,, given by

UEZB(EZO) = azwg (S/cos el) + 0'125 (S/cos 62)

Expressed in terms of Ew we find
€ (E ) € (E

2 .
o (Elo) = 4“4NZ S{&W_T } cosr COEé-]

prot. stragg.

(54)
The Bohr vaiue vg should represent a good approximation for substances
of comparatively small atomic number in which case all the atomic elec-
trons should contribute to the proton stopping and straggling. This con-
clusion is borne cut by the experimental results of Madsen and Venkates-
warlu (Madsen, 1948) for proton straggling in beryllium and mica foils.
The results of Reynolds (Reynolds, 1953) indicate that th§ proton strag-
gling in xenon and krypton is of the same order of magnitude as the Bohr
value; th; results of Brown, et al. (Brown, 1951) indicate that the root
mean square deviation of the proton straggling in beryllium is 30 per cent
greater than the Bohr value.

An attempt wis made to {fit one of the observed impurity atom
distributions by folding a gaussian of variable width (to allow for the
change in proton straggling as a function of depth beneath the surface)
into a gaussian of fixed width. The results of the numerical calculation
indicated that one could {it the aide of the distribution toward the surface

with a gaussian of known width, or could approximately fit the side of
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the distribution away from the surface with a gaussian of different width,
but could not simultaneously fit both sides with a single gaussian of fixed
width by the folding process. This is not surprising since it is difficult
to say definitely from the cxperimental results what the true shape of
the impurity atom distributions inside the target should be. The xenon
curves indicated an asymmetrical distribution with the side away from
the surface being broader than the side toward the surface. Several of
the krypton curves indicated the same type of asymmetry, but the re-
mainder of the curves appeared to be approximately symmetrical in
shape. The majority of the argon curves appeared to be symmetrical,
although some were peaked slightly toward the surface, and even a few
slightly peaked away from the surface.

The procedure adopted for estima‘ting the true width was to fit
one side of the observed distribution of impurity atoms with a gaussian
of one width and the other side of the distribution with a gaussian of dif-
ferent width. As an estimate of the "average" proton straggling on the
side of the distribution toward the surface, the penetration depth corre-
sponding to the lower half maximum of the observed distribution was
first calculated with equation 50, and the result used in equation 54 to
calculate a o'z

prot. straggl. | lower half’
this part of the distribution is given by:

Then the "true half width" of

lavnr hal.f
lower half _ / oblerved 2 2
Wcorrected Zin2 & 1Ind ~ Tinst. " 'prot. stragg.| lower half
(55)
where wlowor Mis the difference of energies corresponding to the maxi-
observed g

mum and lower half maximum of the observed distribution. A similar
procedure yields for the "true half width" of the side away from the sur-

face
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half.2
W rerved
~upper half observed e% g%
W orrected™ V 2 1n2/ ZInZ 7 inst ~ " prot stragg |upper half .

(56)

One then takes the energy corresponding to the maximum of the

lower half

peak, subtracts wcorrected

from it, and calculates the corresponding

penetration depth, t{lower half max), by use of equation 50. One also

upper half
corrected

responding to the maximum of the peak and using the resulting energy in

calculates a t(upper half max) by adding W to the energy cor-

equation 50. The difference, t{(upper half max) - t(lower half max), then
gives an apprbpdate measure of the ion range straggling in the target.
The effect of the instrumental and proton straggling corrections

on the ion straggling depends, of course, upon the relative magnitude of

lower half

,upper half
W observed in comparison to ¢

observed and W

and

g
inst - prot stragg.

It was found that the ion straggling correction, (i.e., t (uncorrected)

stragg

- t“ragg(correcﬁed)) varied from 0.7 to 2.9 }.tgmlcm2 (or 7. 8% to 40%0

2
of tatragg(uncorrected)) for the 50-kev ione, to 0.9 to 1.8 pgm/cm” (or

° o .
3.17/0to 7.4 Jo of tstragg(\mcorrected)) for the 500-kev ions.

III. ¥. Interference BEetween Protons Scattered from Embedded Atoms
and Target Atoms.
The magnetic spectrometer used in this experiment accepts scat-
~-dE

tered protons lying in the energy interval E 20 to Ezo. This energy

20
interval, dEZO’ corresponds to a target lamina of thickness ¢ 3, which
presents a target of thickness clslccme1 to the incident proton beam. The
relation between dS/cos® 1 and dEzo for a target of uniform composition
is given by equation Alll4, and that for a target of continuously varying

composition is given by equation AIIlIl10. It is readily seen from this lat-
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ter equation that, for a fixed dE20 . d.‘?»/costezl is reduced by the presence
of the embedded impurity atoms as a result of the increased proton stop-
ping cross section par target atom. Since the scattering yield is propor-
tional to dS/ cosd;, one anticipates a dip in the momentum profile when
the protons scatter from target atoms in the region where the embedded
atoms exist. The penetration depth of the ion in the target and the range
straggling can be obtained from this dip in precisely the same manner as
from the peak. ’

An example of a profile where both peak and dip are present is
shown in fig. 6. The dashed profile ie obtained by protons elastically
scattered from a clean beiyllium target; the solid line profile is obtalned
by scattering from a beryllium-plus-nitrogen target. The qualitative
features of analysis are similar to those described previously. The dis-
placement of the beryllium step in the beryllium-plus-nitrogen profile is
attributed tq the increased proton energy required to penetrate the sur-
face layers of carbon and silicon built up during the long ionic bombard-
ment (see Table I).

If o (BL. ME. Ml) is approximately equal to « (GL. M‘B, Ml)' or if
the embedded atoms are distributed over a broad region of the target as
a result of range straggling, then the peak and dip will overlap each oth-
er. The former condition applies to nitrogen in carbon and to neon in
carbon where «(129°% C,p)/ @ (129°, N,p) = 0.962 and @ (129°,C,p)/

a (1290. Ne.p) =z 0. 900, respectively, and the latter condition applies to
nitrogen in aluminum. For these three cases where the peaks and dips
interfere, the irue peaks and dips can be calculated from the observed
peaks and dips with the aid of the thick target yield formulas given in
Appendix III.
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A reasonable check on the use of these formulas in such calcula-

tions is to compare the shape of the distribution predicted by formula

AIll5 with that obtained experimentally from a target of known composi-
| tion. Elastic scattering of protons from copper is known to be Ruther-
ford (Bader, 1956) except for a multiplicative electron screening factor
(Wenzel, 1952) of magnitude (1 - 32, 6Z cu/Eiglev) ) A target of elec-
trolytic copper was made by polishing successively with 2/0 emery pol-
ishing paper, 4/0 emery polishing paper, 1550AB polishing alumina no.
1, 1551AFB alpha polishing alumina no. 2, and 1552AB gamma polishing
alumina no. 3, with careful washing between each abrasive. The scat-
tering yield from this target is illustrated in fig. 7 and is compared with
the predicted yieléi of formula AII5 (solid curve). The resulté of this
test seem to indicate that the experimental points fall about 3 per cent
above the predicted curve at the high energy end of the curve. This 3 per
cent discrepancy may be due, at least partially, to the + 3 per cent un-
certainty in the proton stopping croés sections of copper (Bader, 1956)
Protons were also elastically scattered from a target made by evapora-~
ting copper on a clean microscope slide, and the scattering yield was

about 1. 5 per cent higher than the yield of fig. 7 at E 0= 310 kev; this

1
indicated that the polished target surface was comparable in smoothness
to that of the evaporated target surface.

In order to use the formulas of Appendix I, it is necessary to
know the proton scattering cross sections, do/dQ , for the embedded
atoms and also for the target atoms. The scattering cross sections for

the target atoms, carbon and aluminum, are readily obtained from the

4
clean target profiles. The proton scattering cross section for NI “is
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essentially Rutherford except at the 278 kev resonance (Pixley, 1957);
the width of this resonance is only 1.7 kev, and is therefore considerably
less than the broad width due to nitrogen ion straggling, The scattering

20 at these energies is not known, and we have as-

cross section for Ne
sumed it to be Rutherford. The quantity CV QL/zeRC was determined
by elastic scattering of protons from copper with the assumed Ruther-
ford-plus-electron screening correction behavior mentioned previously.
The ""unscrambling'' procedure will be described for nitrogen in
aluminum, where the dip occurs to the left of the peak; however, the
procedure is completely analogous for nitrogen and neon in carbon,
where the dip occurs to the right of the peak. For nitrogen in aluminum,
there exists a small energy region of non-interference due to the differ-
ence of a(aL,N,p) and a(BL,Al.p). .One picks an energy E;ro close to
the leit hand edge of the dip and calculates an E;rs with equation 52. Us-
ing this EITS and v = "T" {n equation AIIIll, then, one calculates (n?/n?)
‘with the aid of the observed clean target profile and equation AIlI5. An
110 is then obtained from equa.ti?n 50 by equating the penetration depth
S as determined from the parameters a(eL.Al.p). E'II'()’ and E;rs associ-

E

ated with target atom scattering to the depth S as determined from the

parameters a(GL,N,p), E%O’ E{s associated with impurity atom scatter-

ing. An E{S is then found from equation 52 and the result used along

1
28

the predicted yield from the embedded atoms. This procedure gives

with E_ . and (ni/n?) in equation AIIIll (now with v = "'I'' ) to determine
one point on the reconstructed dip, and the scattering yield so determined
from the reconstructed dip is used to calculate additional points on the
peak. This procedure is continued until the true dip and peak are ob-
tained. Figure 8 shows the peak-dip reconstruction for 296.2 kev ni-

trogen in aluminum. The fact that the calculated peak joins the observed
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curve within the accuracy of the observed points lends support to the
validity of the method. It is seen that the penetration depth and range
straggling are greater using the reconstructed data than they would be
if the uncorrected data were used.

It is pointed out in Appendix III that the use of equation
AIIIll applies only to those cofnbinationa of ion and target where
p(dE/dx)I/p(dE/dx)T is independent of energy. Let us assume that
-p(dE/dx) = k/EY throughout the region of proton energies used in the
target where the embedded atoms are present. Then

+ aal T R L
pldE/dx) / (@E/ax)” = (i/kp)E

and the difference, Yo=Y gives a measure of the dependen;:e upon
energy of p(dE/dx)I/p(dE/dx)T. Table III lists the proton energy
region used in the neon and nitrogen range calculations and also givgs
the difference, YT"YI’ for various ions and targets as obtained from
Whaling's compilation (Whaling, 1958). Formula Alllll is applicable
only to nitrogen in carbon, and should be least applicable for nitrogen
in aluminum. The target with the greatest concentration of impurity
atoms (that of 296.2 kev nitrogen in aluminum) was selected and di-
vided into five regions, and a calculation similar to the above ones,
but based upon equation AIII8 rather than AIIIll, was carried out. The
result of the calculation indicated that the maximum of the reconstructed
peak was about 15 counts less than that obtained by using formula
Alllll. This discrepancy is ollnegligible significance as far as the
maximum and half-maximuin points of the reconstructed dip are con-
cerned; therefore, formula Alllll was used in all the peak-dip recon-

struction calculations.
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1. G. Effect of Embedded Atoms on the Range Measurements. The
Range of N and Ne Ions.

After prolonged bombardment the concentration of foreign atoms
embedded in the target may reach significant values, as shown in col-
umn four of Table I, and it is necessary to consider what effect, if any,
atoms deposited at the beginning of the ion bombardment have upon the
ions which penetrate this region at the end of the bombardment. A pre-
liminary qualitative investigation of this question is shown in fig. 9
which shows the proton scattering from a Be target which had been bom-
barded with various amounts of 300, 7 kev Kr icas. The maximum con-
centration of Kr ion reached in each bombardment is shown in the figure,
expressed as an effective molecular compbsition. Protons scattered
from the lésser concentrations (those used to determine range values)
indicate that the embedded ions have no effect greater than the experi-.
mental uncertainty. Concentrations of more than 1 Kr atom for ~ 30 Be
atoms do introduce a noticeable ghift in the peak. Similar experiments
with argon atoms embedded in beryllium demonstrated that argon atom
concentrations of BezlA. two times as great as those used in measuring
the argon range, produced no detectable shiit in the proton scattering
peak. The high concentrations reached in the measurements of N and
Ne {on ranges have led us to go through the following analysis which
permits an estimate of the difference between the range in the pure tar-
get and the range in the mixture of target plus embedded atoms, if
dE/dx for both ion and proton in the embedded atorm material is known.

Let us assume that the range-energy behavior of the iom in tar~
get atoms, in embedded atoms, and in a mixture of target and embedded

atome can be described by the following:



I
4B PRy =4 (2 My) - g(E)

I

t. ®p. - R =f,(2,,M:2Z. ML) . g(E) | (57)
T ® Py B Th\epMoier Ml t 8

t . = R, =f£(Z.MY%Z, MY) - g(E)

Fmix © Pmix’ I Bmix = 23l Mpisp M) * 8

where ity and lRy refer to the range in p.gm/cmz and centimeters,
respectively, of the ion in substance y; py is the density of substance
y: g(E) is the energy dependence of the range~-energy curves; and fl' Iz.
and £3 represent the charge and mass dependence for the three cases.
Since the stopping of the ion in the mixture, I(dz/dx)mix' is related to
the stopping of the ion in the target atoms and in the embedded atoms by
the relation I(dE/dx)m ix = I(dE/dx),r + l(dE/dx)I. we find by differenti-

ating equations 57 that I(dE/dx)l = pI/ (flg' {E)), etc., and, as a result

1 = 1 +

(58)

1
Fmix INT 1
- T 1 - T I/
Now pp. = np Mg /NQ. Pr = nIMO/No. and p . =nnMj /N, + “xMo/“o'
where B and npare the number of target and impurity atoms, respec-

tively, per unit volume, No is Avogadro's number, and MO is the gram

atomic weight. Equation 58 can, therefore, be written in the form:

I T :
1+ (nyMp/npMg) - (tp/t))

(59)
1+ (nlmé /nTMgr)_ ]

I'T = *mix [

which enables one to find the desired range of the ion in the target ma-
terial if the ion range in the mixture is known and if the ratio ItT/ t1

and impurity concentration n; are known.
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Let us divide the target into two regions: (1) a region extending
from the surface up to the left-hand edge of the peak {or dip), and (2) a
region extending from the left-hand edge of the peak (or dip) up to the
maximum of the peak (or minimum of the dip). This division is illus-
trated in fig. 10. The first region contains only target atoms, and its
thickness, It'I(’l) s can readily be calculated by using the energy at the
left-hand edge of the peak, E,), along with the target atom proton
stopping cross sections in equation 50,

Calculation of the thickness, It'I(‘z)’ of the second région is some-~
what more involved. The first ione which come to rest in this region see
no impurity atoms, whereas those ions at the end of the bombardment
see the full concentration of embedded atoms. We have essentially
found, therefore, at least as far as the second region i8 concerned, the
range of the ions in a mixture of target atoms and impurity atoms, where
the impurity concentration i one-half the concentration at the end of the
ion bombardment. Consequently, we use n, = %(nx)ﬂ nal in expression 59.

The incident protons of energy Ei‘?“{, corresponding to the max-
imum of 'the peak, enter the target and are slowed down until they reach
the beginning of region 2 with an energy

S = glex o HESIN e M cose M)
where E;I) is given by equation 51. The protons enter a region of mono-
tonically increasing impurity atom concentration and penetrate beneath
the surface until they scatter from impurity a.toﬁxs on the layer of great-
est impurity concentration. The scattered protons encounter a mono-

tonically decreasing impurity atom concentration until they arrive at the

region 1 - region 2 interface with an energy
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Ey = Epyt (EI()Z))NoIt,I(,” (1/cos®,M ) ,

where E}()Z) is obtained from equation 51. The ratio (nx/n » at the

T)ma.x
maximum of the peak, can readily be calculated by the formulas of Ap-
pendix IIT by the method indicated in the previous section. Since the
impurity atom concentration is a monotonic function of the depth in re~
glon 2 as a result of the way region 2 was defined, it is reasonable to
approximate the continuously changing impurity atom concentration by a
uniform concentration of amount ~%(nlln.l..) max © The range in the mix-

ture (in region 2) is then found from equation 48:

(2 T/nye 1+ d o/ Mg}
I‘m).(PT"’Pl) Rnix = Mo /No) [ glay/aplgng - (Mo/Mg)1* Ry

(oE} - E3’°°’°1Mg[“%(“1/ B dginar © M/ Mg )l

), , 1 | 1)
af €p(ESN+ 3lap/ng) o - EHES)]

(60)

cos®,
* zou, | ErEN H 5 (ay/n ) e ER DI

where the intermediate energies, E;” and E;‘?') » are close to the aver-
age energies as is shown in Appendix V. The average energies, ES)
and E(az) , were therefore used in equation 60. Since we are using
(nI/nT) = %(nlln'r)ﬁnal in equation 59 and are using (nllnT)final a
%(nlln ) nax * W€ Obtain, by putting equation 60 into 59, the range of the

ion in target atoms for regi

(2 ‘“131 - E3)cost M “’“Z (/D) e MG/Mg ) (/)]
0z - () )
011[ T( )+ 'z(nl/n T)max p I( )] (61)
o:onle1

* Sosm, | STE N g ny/n Thmax' ¢ = N,

If the range is found from the minimum of the dip rather than the maxi-
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mum of the peak, then « I is replaced by Qe in equation 61, and the
appropriate corresponding energles are used, The ratio ItT/ItI of ion
ranges in target and impurity material is not known. We estimated this
ratio for N and Ne ions in various materials using our uncorrected range
measurements for these ions in C, Be, and Al and extrapolating to the
other ion target material by means of the theoretical dependence of the
range on Z, and M, (see eqqa.tiob 26). We must emphasize again tﬁat
the theoretical expression describes the projected range only when

M, >> MO . Our experimental results for N and Ne ions indicate that
in the velocity region of this experiment, the Z, and M, dependence of
the range expression still fits fairly well and justifies the use of the the-
/ t./

Ne'Be’ NetNe 29 nefc/NeNe

The final range, then, is the sum It'I(‘l) + It,]gz) of the penetration

depths for the two regions. By this detailed analysis, the neon ranges

oretical expression in estimating

were decreased by 2 maximum of 1.8 per cent and the nitrogen ranges by
a maximum of 7. 7 per cent, with the largest numerical change being 8. 6
B gm/cﬁz for 296. 2 kev N ions in Al. All other measurements were
unaffected, in accord with the behavior as anticipated from Table I and

the prefatory remarks of this section.

L H. Range Straggling for N and Ne Ions.

To determine the range straggling for N and Ne ions, the target
is divided into 3 regions: (l) a region extending from the surface up to
the left-hand edge of the peak, (2) a region extending from the left-hand
edge of the peak to the lower half maximum of the peak, and (3) a re-~

gion extending from the lower half maximum of the peak to the upper
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half maximum of the peak. The thickness of the first layer, It (1) s is

the same ag that obtained in the previous section. The energy Eq is also
ti:e same as that of the previous section since the spectrometer is fixed,

and the energy

o, LHM LHM

(1) (1) T
1) =Eq "o T(E IN st "/(cos® ,My)

(£ ol'T

is readily obtained from the lower half maximum energy, ET; éﬁi . of the
momentum profile. As far as the second region is concerned, we are

interested only in the energy lost by the protons moving through the re-
¢ (2)| LEM

gion; therefore, rather than calculating a T . we insead calcu-
late a IR}S:‘L LHM from equation 60 by using (Ea‘)LHM . E3 ,» the appro-

priate proton stopping cross sections, and by repla.cingf (nI/ n by

T)ma::
%'(nI/nT) ase throughout the equation. The replacement of (nl/n'l‘)ma.x by
l(nI/nT) _is made to account for the decreased impurity concentration
in region 2. If the energy at the upper half maximum of the peak as ob-
tained from the profile is E?OHM » then the incident proton energy at the

region 2 - region 3 interface is

£) = E Elo - of T(E'(J‘)}Noxt.g)/(coaa Mg)-[ e pEnlt)+
20100 o o€ f B R ) 1H ™ jcose ]

where EE"(” and E;(I) are the appropriate intermediate energies in re-
gion 1 and region 2, respectivdy. In a similar manner, the proton en-
ergy with which the scattered protons leave the region 2 - region 3 inter-
face is

(2) LHM/ os0

E3=E + [ e (E"(z))—!--(z(nllnT) ast o€ I(E"(Z))] n RAZ) ),
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The range straggling, t » for the ion is then determined by re-~

stragg
a b b
placing E| by E; , replacing E; by E; , and replacing (nI/n'I‘)ma:.: by
3 : . .
'2'(nI/nT)max along with the appropriate stopping cross sections in equa-

tion 61. The replacement of (nX/nT)mm: by %(nllnT)max iz made to ac-
count for the increased impurity atom concentration in region 3.

Before the range straggling can be calculated, however, it is
necessary to calculate the instrumental and proton straggling effects
upon the width of the observed distribution of impurity atoms. This is
done in the same manner as was done for the A, Kr, and Xe measure-
ments.

By dividing the target into three regions, the neon range strag-
pliny was decreased by a maximum of 8. 2 per cent from a ‘one region"
range straggling calculation neglecting the presence of the impurity
atoras. The nitrogen range straggling was decreased by a maximum of
19. 3 per cent, with the largest numerical change for either ion being
14,7 p gm/cm2 for 296. 2 kev N ions in Al. By including the instru-
mental and proton straggling widths, the region 1-2-3 method range
straggling values were further decreased by a maximum of 4. 7 per cent
for neon ions and 11, 0 per cent for nitrogen ions, with the largest nu-

merical change being 5.2 p gm/cm2 for 400 kev N ions in Al,

IOI. I. Surface lL.ayer Corrections for Froton and Ion Energies.

The unavoidable deposition of contarmination on the surface of
the tarset during the ion and proton bombardment can influence our
measurements in two ways., First, the incident ions lose energy in the

contamination layer and strike the target with energy less than the bom-
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barding energy. Second, the protons lose energy in going through this
layer twice, and the observations must be corrected to take this into ac-
count. The fact that the layer thickness increases during the course of
the measurement further complicates the analysis. Both the thickness
and composition of the layer at any time, as well as the stovping cross
sections for pfctons and heavy ions in the contamination material, must
be known in order to correct our results for the effect of this surface
layer. Not all of this information is known, and it is necessary to make
the following assumptions in order to estimate the effect of the surface
layer on our measurements.

(1) The composition of the layer {g determined from the relative
yields of protona elastically scattered from the G, C, and Si components
on the assumption that the scattering follows the Rutherford formula.
The relative yields are given by the areas under the component peaks in
the profile such as the one shown in fig. 4. It is assumed that tiie yield
from component x of atomic number Zx is proportional ton - ZXZ/ E‘;‘G(x).
where n is the number/cm3 of x atoms, and El O(:4:) is the bombarding
energy at which scattering from the x component is detected. The ratios
nolnc and nSi/nC are determined in this way.

(2) The energy loss pAE of protons passing through the layerl
causes the midpoint E}.O(T) of the target step in fig. 4 to be displaced
from the position E'I Q(".{‘) which would be observed in the absence of any
contamination layer. The energy E'IO(T) can be computed from the ‘ener-
gy of the protons scattered by C, O, and Si, which are not displaced,
and the dynamics of the scattering event. The energy at which scattering
from C, O, and Si occure is not necessarily the maximum of the re-

spective peaks in the profile, and the proper energy position on the peak
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is determined by trying various points {1/2 masddmum, 3/4 maximum,
etc. ) on each peak until a value is found which leads to the same scat-
tered éiwrgy for each peak. Once EIO(T) - .E'm(T) is known, the calcu-~
lation of pAE is straightforwaid. The largest individual numerical cor-
rections of this type occurred in the 400 kev N in Be measurement, and
were PAEl o= 2 6 kev for the {ncident protons and pAEZD = 3, 8 kev for
the scattered protons; the corresponding surface layer thickness was
5, 8 per cent of the ion penetration depth beneath the surface. In the
lowest energy xenon in beryllium measurement, however, where
o210 ® 1.5 kev and LAE, = 1.8 kev, the thickness of the layer for
protons was almost 80 per cent of the ion penetration depth beneath the
beryllium surface.

(3) The energy loss xAF‘. of heavy lons passing though a layer
in which protone lose energy fAE 12 given by the following relation
which follows directly from the definition of the stopping cross section:

AE pec + (no/nc)péo + (nSi/nC)Pe gy

- (62)
° fct g/nchtot Ingi/nelfgy

where € is the stopping cross section in material x and the left sub~
script refers to a moving proton or heavy ion. The number ratios are
obtained in (1) abwé. The proton stopping cross sections are known, or
can be estimated within a few per cent. In order to determine the stop-
ping cross sections 1€ for the heavy ions, it is important to remember
that we are concerned with the energy lost in the surface layér of thick-

ness AR, i.e., we wish to know the stopping cross sections as deter-

mined from the projected ran‘eu. The stopping cross sections for the
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heavy ions in carbon, 1€c are obtained directly by differentiating the

experimental projected range-energy curves, The values of 1¢o and

1€s1 for A, Xr, and Xe ions are obtained as follows: (a) obtain
?
1€ %:;perimental from the experimental data; {(b) estimate Ie g;:ory and
It‘: gxeory with the theory of Section Il. D; (c) estimate the projection cor-
. roj, .theory . roj,; .theory
rections P, = I%e IItBe ? and P, = Ié()) /It,be using equation
36; and (d) combine to obtain
¢ theory ™
¢ Predicted . ) Be experimental
10 ¢ theory “PO I De *
1 Be
. : predicted
A similar expression is obtained for 1€ S .

For N and Ne ions, it is anticipated from Section II. D that
neither the theory of Section Il nor the projection corrections based upon
this theory is applicable. No projection corrections were made for
these ions because it is not known how much of the stopping is due to
elastic scattering from the surface layer atoms and how much is due to
ionization and excité.tion of the surface layer atoms. A falr estimate of
Ie s and Ié o should be obtained, however, by extrapolating the meas-
ured values using the theoretical charge and mass dependence of Section
I n,

(4) The proton energy loss PAE was measured after a known
charge density (O of ions and protons had been deposited on the target.

It is assumed that PAE is proportional to Q to compute the ﬂ'v_ic%:ness of
the layer for other amounts of bombardment. Cur observations of the
variation of PAE with C are consistent with this assumption.

(5) Tor the energy lost by the ions in the surface layer, it is

reasonable to use one-half the final thiclkness of the layer since when
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the ion bombardment begins there is no surface layer. The appropriate
AE to use in equation 62 to calculate IAE is obtained from (4) above
using the ion charge density Q' at the end of the ion bombardment. The
most noticeable ion beam energy corrections of this type were for the ‘
low energy { ~ 50 kev) ions, being 17 kev for Xe in Be, 5.2 kev for A in
Bm. 4. 8 kev for Ne in Be, 4.1 kev for Xr in Be, ﬁnd 3.2 for N in Al
The corrections on all other combinations of ions, energies and targets

were < 4 per cent, and were gencrally less than 2 per cent.
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IV. ERRORS

Errors in the range and range straggling measurements arise
from a number of sources and are best illustrated by referring to
Tables IV - VII where the individual erroxrs are listed along with the
contribution of each error to the total probabie error. The case given
in Table IV is that of krypton in beryllium, but these results are typical
of all the Kr, A, and Xe measurements. The values listed are for the
50~ and 500-kev measurements, and, although the values at the inter-
mediate energies may fluctuate somewhat about these values, there is
generally a decreasling per cent of error with increasing ion energy.
The effect of each error is obtained by independently varying the appro-
priate parameter in expression 50. By far the largest source of error
is the location of the energy E, , at the maximum of the peak due to (1)
statistical fluctuations in counting the sc'attered protons, (2) the intrin-
sic breadth of the peaks themselves, and (3) the finite resolution of the
incident proton beam energy. The error designated spectrometer drift
is asasigned on the following basis: during many of the measurements
protons were scattered from a clean copper target and also from a
fresh gpot on the beryllium target (or appropriate target) and comparison
then made between the spectrometer energies so obtained from the mid-
points of the two steps. The two proton scatterings were rade at dif-
ferent times during the course of the experiment, and should therefore
give an indication as to how much the gpectrometer drifted during the
elapsed time ini:erval. The results of the scatterings also give an upper
limit on the drifting of the electrostatic analyzer due to temperature or

other effects, since, if the analyzer scale was displaced (and the spec-
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trometer did not drift), the copper step would likewise be displaced
from the beryllium step. (We are assuming, of course, that both
analyzer and spectrometer did not simultaneously drift in such a manner
that one effect would cancel the other.) The uncertainty of the slectro-
static analyzer 'calibration itself has little effect on the range measure-
ment since EZO is calibrated against the EIO scale, so that, according
- to equation 50, the range is roughly proportional to the electrostatic
analyzer constant. The remaining errors are listed in Table IV.
The largest of these errors is in the proton stopping cross sections
and is +3 per cent. Although the presence of the impurity atoms in
the target presumably would alter the range measurements, we have
shown in fig. 9 and in the discussion of Section III. G thé,t the presence
of the impuritx atoms is negligible insofar as the Kr, Xc¢, and A mea-
surements are concerned.

Table V lists the errors in the 50- and 500-kev Kr in Be
range straggling measurements. The location of the energies at the
lower and upper half maximum points on the peak generally consti-

tutes the largest source of error. The uncertainty in Tine arises

t
from the uncertainfy in determining the slope of the target atom step

in the profile. An uncertainty in o

prot stragg of, perhaps, at least

30 per cent is expected on the basis of the measurements of Brown,
et al., (Brown, 1951). For those measurements where the total
energy lost by the protons in the target is < ~ 20 kev, a larger uncer-

tainty in o

prot stragg is assigned because the proton straggling is

then not expected to be gaussian. The results of fig. 9 seem to indi-

cate that the ion straggling increases with increasing ion bombardment
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time. The width at half maximum of the peaks is the same within
about 5 per cent for the 30 pcoul and 70 pcoul io’h bombardments,
but abpears to be about 15 per cent higher for the 450 and 150 pcoul
bombardments. The widths at half maximum of the peaks in the A
in Be tests were the same within about 5 per cent. An uncertainty
of ~5 per cent was therefore assigned to the straggling on the basis
of these tests. The proton stopping cross sections in Table V are
uncertain to within 3 per cent, and the remaining sources as listed
in Table IV contribute less than 1.5 per cent to the final straggling
error. |

Table VI gives a list of the errors in the 50- and 500-kev
N in Be measurements. These errors are typical of all N and Ne
range measurements. The errors in the Table, except for the last
four, arise from the same sources as previously mentioned in the
Kr in Be measurements. It is seen from the Table that although a .
liberal uncertainty has been assigned to each of the additional four
sources, the net effect on the overall error is quite small.

Table VII gives the srrors in the 50~ and 500-kev N in Be
range straggling measurementa. The assigned errors are similar
to those in Table V for Kr in Be except for (n, /nT)max’ ItT/ItI’
and the factor "-;—" used in estimating the impﬁrity concentration the
incoming atoms see. It is seen that the uncertainties in these three
parameters give a considerably larger uncertainty in the range
straggling than in the actuﬂ range itself (Table VI). Once again

it may be mentioned that these error assignments are typical of the

assignments given to the other N and Ne straggling measurements.
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The ion energies before correction for the surface layer were
nominally assigned an uncertainty of less than one per cent. The un-
certainty is quite likely much less than this, but occasionally the en-
trance slit to the analyzer was opened to ~3/16" in an attempt to get
a better ion beam spot on the target blank. The surface correction
itself is usually uncertain to about 60 per cent. The largest contribu-
tion to this uncertainty is the factor "%" used in estimating the surface
layer thickness: an uncertainty of + 50 per cent has been assigned to
this factor on the basis that the surface layer thickness may not have
increased uniformly as a function of time of ion bombardment. Other
sources of error in the surface correction are: (1) uncertainty in

I(cIE/dx) (+ 15-+20 per cent for N in Be); and (2) uncer-

surface layer
tainty in the thickness of the layer resulting from the uncertainty in
locating the midpoint of the target step in the profile immediately
following the ion bombardment {(7--16 per cent for N in Be). The un-
certainties in the ion energies even after correction for the surface
layer are still considerably less than the relative uncertainties in the
range and range straggling measurements at these energies.

In Section III one must estimate dE /dR for the bombarding
ion in the surface impurity layer and also estimate the range ItI in

the embedded ions. We have consistently used a measured value of

dE/dR in a target material multiplied by the ratio

(aE / dR)unknown / (dE/ dR)target

obtained from Nielsen's theory. In view of our conclusicn that the

recent theory of Lindhard-Scharff more accurately describes the
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stopping process than the Nielsen theory, one may ask whether errors
have been introduced which might be removed by evaluating the ratio
above from the Lindhard-Scharff theory. The two theories yield
values of the ratio that differ by as much as 25 per cent. However,
it can be seen from the previous paragraph that uncexltaintie‘a in these
corrections are always larger than 50 per cent. Even had the Lindhard-
Scharff expression been available to us when these calculations were
carried out, the difficulty of using numerical results instead of the
analytical expression would suggest the use of Nielsen's theory as a
good approximation for estimating these small corrections. It should
be noted that electronic stopping, which is neglected in Nielsen's
theory, is included in our value of dE/dR computed from the experi-
ment.

Remarks similar to those of the preceding paragraph apply
to the estimate ItI used in the N and Ne measurements. The two

theories yield values of \t, /\tc and NetNe/Ne'C that differ by as

much as 9 per cent, which is well within the assigned uncertainties

in the ratios of + 20 per cent.
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V. RESULTS AND CONCLUSIONS

V.A. Comparison of Experimental Results with Theory.

The ranges and range straggling measured in this experiment
are presented in Table VIII and in figs. l-3l. Qualitatively, the re-
sults indicate a linear range-energy dependence for Xe, Kr, and A
ions in the target materials used in the experiment. The Ne and N
range measurements indicate that (dE/pdR) increases as a function
of energy. |

Comparison is made between the experimental ranges and the
Bohr-Nielsen expression for the range (equation 26) over the energy
region indicated in Section II.D for which a r~2 interaction potential
would be expected to apply. In order to make a legitimate compari-
son between theory and experiment‘, however, it is necessary to
consider the difference between the true path length and projected
path length. Equation 36 relating Rp to R ;ia used to modify equation
26 for the range, so that tp =t/(1+ z—éwmf-) is the value that is plotted
as the heavy solid line for the "theoretical range" in figs. 11-18 for the
Xe, Kr, and A ions. It is noticed that although a constant (dE/pdR)
is obtained experimentally and predicted theoretically, all the exper-
imental ranges fall about 20 per cent below the theoretical predictions.

Tl;ere were fwo major approximations used 'm‘Section II to
obtain equation 26, and one would hope that by eliminating these ap-
proximations, better agreement with the experiment might be obtained.
The first of these approximations is the use of a = a,B/Zl/3 in the poten-
tial V(r)/e = Zee'R/a R"! for an atom of atomic number Z; a better

approximation (Schiff, 1955) i{s a = 0. 88533/21/3. If ap is replaced
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by 0.885 ap throughoui. it is seen from equation 25 that the range is
now increased by 11.5 per cent.

If one uses the potential energy given by equation 2 rather than
the one given by equation 3 and approximates equation 2 by V‘?_(r)=k2/r2
as in Section 1I. D, one would again hope to obtain better agreement
with experiment. The numerical calculation based upon this procedure
for the case of Kr in Be, however, yields a range 10 per cent bigher
than that of equation 25 or 26. Thus, neither of these attempts to re-
fine the theoretical expression brings about better agreement with the
experiment.

Although it would also be de sirable to make a comparison be-
tween the experimental range straggling results and the theoretical
range straggling predicted by eguation 29 for the r'"2 potential, no
rigorous comparison can, of course, be made since no treatment has
been given for the projected range straggling ﬂz(Rp) in terms of QZ(R)
along the path. It is pointed out at the end of Section 1I. G that Lindhard
and Scharff (Lindhard, 1961a) state that 2°(R_) = 2°(R). The full width
' P
at half maximum predicted by the theory, 2) ZMZQZ(R), is plotted as
the heavy solid line in figs. 24-3l over the region of applicability of
a r'z potential. Fair agreement i{s obtained between theory and exper-
iment. Any discrepancy may be due to: (1) the difference between
QZ(RP) and QZ(R), and/or (2) any contribution to dEfdx from electronic
stopping, since range straggling from electron collisions would be
negligible compared to that from nuciear collisions.

The range-vener'gy relation of Lindhard and Scharff (Lindhard,
196la) has been multiplied by the projection correction of equation 39 |

and plotted as dotted curves in figs. 11-18 for Xe, Kr, and A ions.
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Although their projection correction {(equation 39) applies only to a r-Z
interaction potential, we have included it in the range~energy curve
since the experimental measurements are projected range measure-
ments. It is seen from figs. 11-18 that better agreement with the ex-
periment is obtained by the Lindhard-Scharff expression than from |
expression 26; however, the theoretical ranges still appear to be sys-
tematically higher than the experimental ranges. The discrepancy
may be due to energy loss of the ions to electrons in the stopping me-
dium, since Lindhard and Scharff specifically state that the increased
reduction in range due to energy loss to electrons may be of the order
of 20 per cent.

An estimate of the electronic contribution to the stopping

(dE/dR) at low velocities can be made with the aid of equa-

electronic
tion 44 by setting § e Zi/ 6 as suggested by Lindhard and Scharff

(Lindhard, 196la). The total energy loss is then

* (dE/ dR )nuclear

»

(@E/ dR)total = (dE/ dR)elec:t:ron

and the range is obtained by numerical integration of the resulting

expression. For (dE/dR) we have used the values Obtained

nuclear
by differentiating the range-energy curve of Lindhard and Scharff
(Lindhard, 196la).

Lindhard and Scharff's published curve, however, applies to
only a small portion of the velocity region of this exp eriment, but
Professor Lindhard has kindly furnished us with unpublished results
(Lindbard, 1961b) which cover a considerably greater velocity region.

The unpublished results include the electron stopping from equation 44.
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The ranges obtained from the unpublished data are plotted as
the dashed curves in figs. 11-22. The projection correction of equation
39 is once again included for Xe, Kr, and A {ons, but is not included
for Ne and N jions. It is seen that the agreement between experiment
and Lindhard and Scharff's theory including electron excitation is
generally quite good. ‘Their litest 'estimate for the range appears to
be better than equation 26, which neglects electron excitation.

It is also of interest to make a plot of dE/NdR vs. energy for
neon and nitfogen ions for energies higher than those given by Lind-
hard and Scharff's unpublished data. These plots are indicated in
figl. 32 and fig. 33. The solid ‘curve. which represents the linear sum
of the electronic and nuclear effects based on equations 44 and 43,
respectively, is compared to the experimental 'stopping cross sec-
tione. The agreement betwo;n the theory and experiment appears

to be fairly good.

V.B. Comparison with Other Experimental Results.

There are very few measurements of the range of heavy ions
in solids in the kev energy region. Harvey's recent summary (Harvey,
1960) of low velocity ion ranges includes only one measurement in
solids and two in gases with which we can make comparison.

Davies, et al., (Davies, 1960a,b; 196la,b) have measured the

range of 2- 50 kev Cls137 l::86 24

» and Na~ " singly charged ions in Al.
Their method is to bombard an Al target with radioactive alkali metal
ions, and then determine the penetration depth by removing by elec-
trolytic methods successive uniform layers of metal from the target .

and measuring the amount of radioactivity in each layer. Their
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anodizing technique enables them to remove layers as thin as 1 pgm/cmz.

Their results give a linear range-energy curve for 03137 and Na24 ions;

86 ions they give only one range value--30 kev Rb86 in Al,

137

for Rb

For 50 kev Cs in Al, they obtain a projected range of 9.5

131

p.gm/cmz. Our range for Xe ™ in Al at 50 kev is 4.3 pgm/cmz. Their

value is as far above, as ours is below, the Lindhard-Scharff prediction
including electron excitation and projection correction. For 30 kev Rb86
in Al, they obtain a projected range of 6.6 p.gm/cmz, which is 30 per
cent larger than the Lindhard-Scharff prediction including projection cor-
rection and electron excitation.

A comparison of the raﬁges in solids and gases is of interest
because of Lassen's observation (Lassen, 1951) that the range of fission
fragments is shorter in solids than in gases. The results of Baulch.
and Duncan (Baulch, 1957) and of Valyocsik (Valyocsik, 1959) are given
in Table IX. The measurements‘of Baulch appear to be in reasonable
accord with the Lindhard-Scﬁarff prediction, although at these low ve~
locities, there is not too much difference between experiment and the
prediction of equation 26. The Lindhard-Scharff prediction ‘appears to

224

be better than equation 26 for the Ra ¢ recoil measurements of Valyocsik,

and is definitely better than equation 26 for the Th226 recoil measurements.

The Th226

recoils arée at a velocity comparable to the velocity of many

of the ions of our eiperiment (420 kev Xe, 4270 Kev Kr, and 130 kev A
ions), and it is interesting that Valyocsik observes the same discrep~
ancy between experiment and equation 26 that we do, and that good agree-~
ment between experiment and the Lindhard-Scharff theory is obtained.

On the basis of this comparison we do not find evidence for significant

difference between the stopping process in gases and solids.
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APPENDIX I

INTERACTION ENERGY BETWEEN TWO ATOMS
EACH DESCRIBED BY BOHR-TYPE POTENTIALS

Let us take the potential of one charge distribution to be

¢,(R)) = Ze R;l exp(-R 21/3/aB) and that of the second charge distribu-

tion to be ¢ (R;) = Z GR exp( R,2 1/3/35) By Gauss' flux theorem

0
we find the charge enclosed within a sphere of radius RO about the second

. . 1/3 1/3
charge distribution to be qj;=Z ¢ (1t ROZ / /a.B) exp(- ROZO/ /aB). The

charge bétween a shell of radius R, and Ro + dRo is then

3/3 R Z1/3 /g

dq!
0 ) e + dR
s

ER"‘““'oo( 0’

so that the charge density pb in a shell of radius R, and thickness dR , is

0 0
dq) zoe 1/ ’2 R, zl/ *fag
P “"Z“““ (= ) e
® 4xRg R, 4R,

The charge density p'o is negative and is due to the electronic cloud sur-
rounding the nucleus of the second atom. The total energy of interaction

between the two atoms is then



1/3
e=x R, =0 , -R,Z, / /a
SN i
Vir) =j = X
8=0 YR .=0 1
0
[--Zoe [23/3]2 R Zl/s/aBJ 2 (
x — @ 2R 3in8d6dR All)
Zrﬁo apn 0 0
Z.€e
1
+ - (Ze)mV (r)+ V (r)

where the second term gives the interaction snergy between qbl(Rl) and
the positive nuclear charge Zoe at R1 =r,
The integral in equation All can be simplified by using

Rlz = Rg + rz - ZRorcoae and replacing the 8 variable by R1 to obtain

2_,1/3.2 R =r R =r+R 1/3 1/3
v (r)ﬂ'zozf [Zo ]BRO = | 0 R1 1 /aB- z /ag

dR,dR

ir a 170
B oso 1°*-R
(Al12)
+ J e dedRO ]
R,=r R1=Ro-r
The integration is straightforward and yields
+2.2 € z2/3 -er/s/a -rzl/s/a
v (r) = 170 0 e 0 B .o 1 B (AI3)
" r 273 _,2]3
1

Z9
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Z1/3
. 2_-1 "% /ap
Upon adding V+(r) = Zozle r e to equation AI3 we obtain the
final result
Vir)=V _(r) +‘V+(r) ,
1/3 1/3
-rz./"/a -rZ./ " /a (AI4)
2.z e2 pz2/3, 0 /B _,2/3 T4 B
. 1% [ 0 ; 1 ]
r 2/ 2/3 ’
Z, - Z

which is the same as equation 2 in the text.



APPENDIX 11
EVALUATION OF INTEGRALS INVOLVED
IN DETERMINING AE/AR AND Q2(AE)
In order to evaluate the integral in equation 19, (see text) we

make the subatitution

D TR A (AIL1)
2Y 1+pc/p
and obtain
@ .1
2 x 2 2{Z7 xcos’xdx
5 pdp cos = 4% Pe (AIl2)
0 2Y 1+pc /p 0 (77 -4x7)
By decomposing 2 2 —X into partial fractions, we
(7% - 4x%)%  (x-2%)°(nt 25)°
obtain .
z z
2 2
4'2p‘2:5\ x cos“xdx _ 4'2p§§ rcoa xdx _ cos xdx ] (AIL 3)
0 (#% - w2)? o - 87(r-2x)° 8a(r'2x)

Substituting 2y = ¥ = 2x in the first term and 2y = 7+2x in the second term

of equation AIl3, we obtain:

. . .
-z 22102, 2 T2

1zp§ [ cos®xdx _ cos® xdx ] ;&%z%g [5 ﬂn__zzsy- S;E-i-“—?—ll]- (Al14)
y y

LBr(a‘-Zx) " r(rt 2x)
b
The integral 5 —'i-‘lzLdl can be readily integrated by parts by the sub-

stitutions u = sinzy and dv = dy/y to obtain
b 2 2 b
| elagydy._ siny | sim) - sicza), (AII5)
h  y° Y a




x -
where Si(x) = S‘ E—lﬁ-}- dx. Using equation AII5 in All4 we find, there-

0
fore, for the integral of equation All2:

@™ 2 4x2p? 2 |Z
pdp —oT = T [ - -’-%‘-l + Si(x) - 5i(0)
O 2f1+ pc/p: 0
"
sinz ]
+ B2 Y [ . si(2x) + Si(n)
y L
F3
2
7p
= _8.‘5-. [ =4, 2 sm) - 51 (27) } (AI16)

which, when subatituted in equation 19 yields

2 2
NT _ =xp
AE _ m_ e [:-?4 25i() - 51(21)] .
AR L

which is identical with equation 20 and is the desired result for AE/AR.
To evaluate the integral in equation 23 for the energy straggling
QZ(AE). we make the substitution Alll along with the same decomposi-~

tion into partial fractions as above to obtain:

=0 ';' 4
4 2 2 dx
S-—o pdp cos [ z ]=4,,p (" msoandic
0

2yl + pc/p (r"-4x")

= 4y ng [cos xdx coséxdx :l
¢ Sa{z-2x)° 8x{m+2x)°

22 102 4 T o4
4 wgs [So amy;dx - ‘g; ainygdx ] ’ (A1 7)
Z
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where the substitutions 2y = x - 2x in the first term and 2y = n + 2x in

the second term of the second line were made as in the previous case.

2 . sinzz

Now since oin4y = sinzy (l-co-zy) = 8in"y » we obtain in AIl7,

along with the aid of equation AII5:

v 7
22102 . 2 ~e . 2
dp SO8 1 e 47 Fs [S\ sin :xdx _‘S sin Z:de
S(‘)p P T LJg Y 0 4y
2) 1+p:: /p
" 7
_S‘ sinzydy +S‘ sin22ydy]
2 2
T x
z

y 4y
'Z .
2.2 .4
47 p 2
pa—L [- "‘;Y + Silx) - 51(0)
0
1 sin’y " 1
+ 2- Y - zSi(Z#)‘i’ 781(0)
0
2 x
E_iyﬂ_l Si(2#) + Si(n)
L1
2
ry g
2
-3 E..*.g.l b % Si(4) - 3 St (Zw)]
w
P 2 1
-4 . 1
= _..gf__ !:-;- + 2 Si(x) - 2 Si(2#x) + -2—Si (41:)_] , (AlL8)
which, when substituted in equation 23 yields
20, 2 m 2
2  § Npc TmAR r
Q2°(AE) = 1 ! —-—+ 2 Si(#n) - 2 Si(27) + -k-Si(‘iw) )

which is identical with equation 24 and is the desired result for S’ZZ(AE).
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APPENDIX 1II

THICK TARGET SCATTERING YIELD FORMULAS

A, Target of Uniform Composition.
The scattering yield from a target of thickness dS is given by
k
k do 4
N" =N . [aﬁ (EIS' BL)]L S‘:Lnde. (AIILl)

where Nk is the number of particles scattered at energy EIS and lab-

oratory angle 0, into solid le Q. for N particles incident upon
L angle i, c

in
the target. The laboratory differential scattering cross section is
k

[ ],
and n, is the number of type k scattering nuclei per unit volume. The
magnetic spectrometer used in the experiment accepts particles whose
energy lies in the region E,, - dE,, to E, , where ZEzo/dE?_0 B R_~800
is the known momentum resolution of the spectrometer. This spread
in energies dEZO corresponds to a target lamina of thickness dS which
presents a target of thickness dS/r:c:»vse1 to the incident proton beam.

We desire to find the relation between dS/cose1 and dE,, = 2E, /R .

In order to do this we keep the incident particle energy E,, con-
stant, increase the penetration depth beneath the surface of the target
to O + dS, and calculate the correapondiné decrease in energy dEZO at
' the spectrometer. This is illustrated in fig. 2. Particles scattered
at C have an energy EZS immediately after scattering and emerge from
the target at A with energy EZO' Particles scattered at D have an
energy E, - p(dE/dx)ElS- (dS/cosel) and emerge from the target at
H with energy Ezo-dEzo. Since ACDG is a parallelogram, the length

HG is equal to dS/cosez and, as a result, the particle energy lost in
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this length is p(clT:) /dx)E . (dS/cosBZ): therefore, the particle energy
20

at Gisg E

0~ 9Byt p(dE/dx)E . (dS/cosez). Since we are assuming

2 20

20
for the moment that the target composition {8 uniform, the dashed
parallely lines represent lines of equal energy. For example, the energy

EZO at A is the same as that at F, and the scattered energy

E,g-a p(dE/dx)E E;(c:lS/t:c:nsiel) ,

1
at D is the same as that at B. Therefore, the total energy lost by the
particles in going from B to A is the same as that in going from D to
F. The particle energy lost in ECis p(dE/dx)Ez,S . {BT), which, since

the energy at B is the same as that at D, is also equal to
a p_(dE/dx)Els~ (ds/cosal)
- Therefore,
(BC)= a p(dE/dx)Els' (ds/cosq) / p(dE/dx)Ezs. (A111 2)
For a uniform target, however, BC = ¥, and consequently the energy

lost in CF, to first order, is

(AE}ppe = p(dE/dx)Ezo- (TF)= p(dE/dx)Ezo' (BL)

pld®/ )Ezo dE ds
= Q ‘plg=)p ° . (ALl 3)
p(dE/dx)EzS & e, cosl,

But since the energy at F is EZO and that at G is EZO - dEZO +

p(dE/d.x)E . (dS/coan), it follows from equation AIIIl 3 that

20
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(AE)mgr=E,, - [EZO -dE, + p(dE/dx)Ezo' (dS/cosez)j

N
i pdx E,, p&'EIS coal)
dEy ’
p(a'; EZS
and, as a result,
p<dE/dx)Ezs .
dS/cos@=dE, - 7S, g T . (All14)
20 [azp(dLE/clx)ElSJr;z-a-ﬁ-é72 'p(dh/dx)hzs]

Ve have obtained, therefore, the relation between the energy
dEzo over which the spectrometer accepts scattered particles and the
effective target thickness dS/cosBl, inside the target and parallel to the
incident beam, which corresponds to dEZO‘ The thick target scattering

yield from atoms of type k in a homogenaeous target is then:

' k 2E
k _ do 20 CV
NT= g (Bys0)) 8 R o X

x co;‘F . P-e-zr——y , (AlLI5)
[ak pE (EIS) ¥ cc:sﬁl2 pe ‘Ezs”

whore- CV/ez = New < is the number of particles incident upon the target
during each counting operation; pe (E) = (l/nk) . fj.’:nje j(}33) is the total
stopping cross section per scattering nucleus of type k, ej is the atomic
stopping cross section of substance j, and n, is the number of type j

3

atoms per unit volume; and the remaining quantities were previously
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defined in connection w@th equation AIIIl. The scattering yield formula
AIII5 was first derived in this form by Wenzel (Wenzel, 1952) by differ-
entiating equation 47, Section III.C, with respect to ds/cos8;. Equa-
tion AIII5 above agrees with the expressions of Rubin (Rubin, 1959) and

of Brown, et al., (Brown, 1951) for § very nearly equal to zero, i.e., -

for surface observations.

B. Targets of Non-uniform Composition.

For a target of continuously varying composition, we approxi=
mate the actual physical situation by dividing the target into £ layers of
uniform composition. The composition varies from layer to layer, and
the width of each layer is S/f centimeters. The spread in energy of

the particles coming from the last layer is then given by equation AIlI4,

&, (5) coss, . (5)
_P 2(S=S/1) . dE cosh as
9E2(s-5/1)° a5, &) [ap(g)Elg 50, p('a;’ ) ' Costy (AILI6)
p 3! E,q

where refers to the rate of particle energy loss in the layer

pldx
between S and 5-5/2. In order to find the spread in energy dE?(S-ZS/t)
of the particles coming from the next-to-lzat layer we refer to the follow-

ing diagram:

_——(S-25/1) Je——(5-5/1)
\: 1
-t <
1 T T h ~
Eas-2s/0)  E \ \ \ 4 Epls-s/1)
J \\ ‘\ \‘ \\ g
[\ ]
2\ \ \ \ V]
-\ \ \ \ \
C \ \ ' v
o\ \ \ \ M
- 2 \ \ \ \ % -
Eys-2s/1) GE DF Ey(s-s/1)
- -~ -1 -
dEy(s-2s/1) E 4 ~9E2(s-s/1)




"?70
The particles entering the next-to-last layer at S-S/{ with energy
EZ(S-S/I) leave this layer with energy EZ(S~ZS/ﬂ)’ whereas those enter~
ing with energy EZ(S-S/.Q)- dEZ(s- s/1) leave with energy EZ(S-ZS/!) -
dEZ(S-ZS/I)' As in fig. 2 the dashed slanted lines represent lines_ of

equal energy, so that the energy lost in AD is the same as that in FD.

. dE (S-S/I)
Consequently, the energy lost in BC is dEZ(S S/I) p dxlE ( /E'C).
2(S=-S
. (s-s/1) |
and that lost in FG is dE,(5.25/2) = p ZE’E (FG). Since

2(s-25/1)
TG = BT, it follows that

( )
. P a;?Ez s-z5/1) P T Eps. s/t)
2{S-28/1) ~ “"('EE "(S'-‘S7ﬂ (dL (5)

p a’-‘.)52(5-5/1) P 33‘-’525

(S) cose1 dE (s) ds
ra ‘K’ + "——"‘coaez P(E)Ezs] ¢ -——-E_COS » (AIII?)

1
where use has been made of equation Alll6. Each succeeding layer will

contribute a factor of the form

ag. (S=us/) Qi (S=nS/2)

( o
o &, (s qwigs/r) / P B/

so that we obtain for dEzo:

fel dE [(H‘I)S/‘)

'H:‘;E £ (S) cose (s) -
ds l ‘ P 2(iS /¢ ) 1 ,d4E i
9=, cosf, (dﬁi)l h’+ﬂé7h ra (E'c) +cose p(Tx,EZSJ
{=0 '&E
2[ (1+1)5/1]
(Al118)
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Obviously, the larger { is chosen to be, the more nearly equation AIlI8
will approximate the actual physical situation. In the present experi-
ment we are concerned with embedded impurity atoms whose concentra-
tion is a function of depth beneath the surface of’ a target which before
the ion bombardment was of uniform composition, and it becomes con-

venient to write p(%) in the layer between iS/f and (i+1)S/1 as:

4E 115/ (i+1)s/ 1
(it1)s/1
. ox [1 + _r.l..l..ﬂn.w‘ . PG_ISEEZL@.@_L)Y] , (AILI9)
- ngp p€ T " 2(ps/L)

where . is either i or itl, and subscripts I and T refer to the embedded
impurity atoms and target atoms, respectively. If the ratio pe I(E)/ pe T(E)
is independent of energy over the energy region of interest, then all the
product term's in equation AIII8 vanish except the first and last leaving:

as  pf1'E20)

dE, .=
20" cos§, ptT(EZS)

X

(AIINO)

s s cos8, g S ¢k
xq@[nyp €p(Eghny €UE ) + o= " [ep € plEpgh vy g€ (BN -

If the target prior to the ion bombardment consisted of more than one
atomic substance we would replace ni- pc T(ES) by ?:n%j pe TJ.(ES). We
can now write the thick target yield formula AIlI5 in the following form

which applies to a target of continuously varying composition:
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v 2E €. (EY.)
v do ..V 20, CV  p T Y2S
N =gy (B, 9 R, ez e (Ep) x
(ALlI11)
S
bl
v
x cosb *

s v S v . 1 S v S vV ..
la,[np eptBighn € (B + o555 S pfr(Bpghtm g g€ 1 Ee))

If the scattering occurs from the embedded impurity atoms then we use
v ="1" throughout expression AAIIIl_l, whereas we use v = "T" through-
out if the scattering is from the target atoms.

It must be“ramambered that expression Alllll implicitly contains
the assumption that pe 1(E)/ pe T(E) is independent of energy throughout
the energy region of interest. If this assumption is not valid, then an
approximate treatment based on equaiion AIll8 would be more approp-

riate.



APPENDIX IV

DETERMINATION OF INTERMEDIATE ENERGY Ep USED
IN EVALUATING PROTON STOPPING CROSS SECTIONS

Let us assume that we have a homogeneous foil consisting of two
atomic substances. If the stopping power of each atomic substance can
be represented by -p(dE/dx) = kE"Y, then the thickness of the foil, Ax,

traversed by the protons is given by

E E
i 1
dE dE
Ax = S - = , (AIV1)
, plaE/dx) ng k) /(E/E, ) + kz,(E/Ea)YZ

i
some intermediate energy E, < E. < E.. We define ]S.‘.p as the proton

where E, and E; are the initial and final proton energies, and E_ is

energy for which (Ei'Ef’/ (Ax) is actually -p(dE/ dx)| . . Then

P
E, E,
(E dE + S‘ ‘ dE

Y Y Y Y
£ k/(E/E,) +ky/(E/E) °  “Fak/(E/E,) tk,/(E/E,)

(AIV2)

Y Y
ky/(B/E,) +ky/(E /E) 2

If. Ep> E_ and y; 7 v,, an inequality can be established by replacing v
by ¥, in the first integral, Y, by Y in the second integral, and Ylby Y,

on the right hand side of equation AIVZ to obtain

y1+1 y2+1 YZ
E, E, E E, (E,~E()E
- b o ] > et B (AIV3)

B T E 3(y.+1) E
a M a V2

a



By defining E_ = (E1+E£)/Z and (AE)AV = Ei'Ef' we can make a power
series expansion in (AE)AV-/E; to obtain

2
2
1 (AE) ., [vl(vl-lhvz(vz-l) 1,1, o)) ](AE)A
Ep( Ea 1+ 3 (Yz - 1) Ea + 48Y2 + -Y—;(Yz 1 (—-HE-:—"
+ “« s e
(AIV 4)

u Ep < E, . we can establish another inequality by replacing v, by y in
the first integral, Y; by Y, in the second integral, and Y by y, on the
right hand side of equation AIV2 to obtain the same result as expression
AIV3 except with the inequality sign reversed and Y, and Y interchanged
on the left hand side of the inequality. A power series expansion of the

resulting expression yields

E >E, log(%-l ‘AE)AV
2
. [““'1“’1'"* AP PR LA L 1"‘1“'2) ]((AE)AV )2+
Y, Y2 Y a

(AIVS5)
Expressions AIV4 or AIVS5 reduce to expression 51 of the text when |
Y, = yz.‘ The inequalities establish limits on the intermediate prot?m
energy Ep used in evaluating the proton stopping cross sections in
equation 61 of the text. The most extreme case, that of 500 kev nitro-
gen in aluminum, indicated an uncertainty of + 2.3 kev in Ea as the
estimate for Ep. It is felt, however, that E‘ is still a good estimate
since, as has been mentioned before, the proton stopping cross section
‘curves can be read in the vicinity of 300 kev {see Table III) only to
within =+ 2 kev. |
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TABLE I. ION BEAM DATA (See pp. 27, 42, 46, text)
Ion beam Total ion charge Concentration of

Ion and current deposited®# embadded ions in
target ,( * amp) (» coul/cm?) . target (n!/n.r)

i {max) {min)
N in Be 1.5--4.5 19, 650--39, 300" 1/3.9 /11
NinC 0.4--4.5 19, 650--39, 3007 1/1. 6 1/9
N in Al (%)==1.0 23, 100--46, 200" 1/1.6 1/10
Ne in Be  0,25-3.0 8, 400--11, 800 1/6. 4 1/34
Ne in C (*)-=1.0 5, 900--8, 400 1/12 1/22
A in Be 0. 4--3,0 1960 1/46 1/129
AinC 0.4--4,0 1, 960--2, 800 1/26 1/85
AmB!?  (e).Ls 1, 240--4, 400 1/45 1/192
Ain B (%)--1.5 1, 240-<4, 400 1/25 1/97
Kr in Be (%)==1.5 350--700 1/322 1/915
Krin Al (%)--0.8 880--1050 /22 1/132
Xe in Be  (#)--0.4 350--530 1/86 1/229
Xe in Al (%)-0.25 | 530 1/30 1/63

# {Not measurable on meter)

+ (Molecular ion beam (KN)"’ used for 50--200 kev; atomic ion beam
{N)* used for 300--500 kev)

%% (The ion charge is not necessarily deposited uniformly over the

target area exposed to the ion beam. The subsequent proton bom-
bardments (for the different ion energies) therefore encounter dif-
ferent concentrations of embedded atoms in the target. The max-
imum and minimum concentrations of embedded atomse as deter-
mined from analysis of the proton data are given in the last column
of the Table, )




TABLE II. TARGET IMPURITIES

Target Target impurity (per cent)
Beryllium Oxygen ~ 1; Aluminum ~ 0.2
Carbon Oxygen ~ A3; Aluminum or silicon~ 0.5
Aluminum alloy 6061 Iron, Copper and/or Manganese ~ 2

Aluminum alloy EC1100 1lrom, Copper and/or Manganese ~ 0, 4
Boron 10; Natural boron Negligible

TABLE III. DEPENDENCE OF PROTON STOPPING POWER
UPON ENERGY ASSUMING ~dE/dx = kx/EY BEHAVIOR

Ion and Proton energy region

target = used in range and range Yy YT Yo ¥y
straggling calculations v

NinC 195--380 : 0.564 0,564 0

N in Be 295--470 0.618 0,582 -0,036

N in A} 225--370 0.622 0,398 -0, 224

Ne in C 225-+360 0.395 0,592 +0. 197

Ne in Be 295--470 0.430 0.534 +0. 054
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Table II: Target impurities as determined by the elastic scat-
tering of protons from the targets. The impurities listed are
in reasonable agreemant with the manufacturer's specifications
except for aluminum alloy 6061 where the combined impurities
of silicon and magnesium were listed at ~ 1.5 per cent by the
manufacturer, The impurities were not seen in the elastic

scattering momentum profiles., See p. 29, text.

Table III: Dependence of proton stopping power upon energy by
assuming -dE/dx = k/EY behavior for the lons and targets used
in the neon and nitrogen range measurements. The second
calumn gives the proton energy region used in the range and
range straggling calculations. The values of Yq and Y are ob-
tained from Whaling's compilation of stopping cross sections
(Whaling, 1958), See p. 45, text.
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TABLE IV. ERRORS IN KRYPTON IN BERYLLIUM
RANGE MEASUREMENTS

Posasible sources of error Amount of %o Error intro-
exrror { /o) duced in final value
of range
E,, Location of peak in 40, 27-=+1. 2 413, 0--145, 54
profile
E,, Spectrometer drift +0. 15 . +6. 6-+40, 64
E,, Electrostatic analyser <0.15 C <64 0.67
drift
E1 o’ Ezo Electrostatic ansalyser <0,2 <0.3
calibration
E, g Epq Uncertainty in surface +20 -- +40  41.95--41.3
contaminant correc-
tion
coaOl Uncertainty in 01 - 40.88 , +0, 37
cosez Uncertainty in 92 +0.92 10,48
P € Uncertainty in pe 's +3.0 +3.0
@ Uncertainty in 8, +0. 42 +2.0--+0, 23
Presence of impurity atoms negligible negligible

TOTAL PROBABLE ERROR: +17.2%--146. 6%
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Table IV: Errors in krypton in beryllium range measurements.
The errors are typical of all the xenon, krypton, and argon
measurements. Column 1 lists the source of error, column 2
the estimated uncertainty in the source expressed as a probable .
error, and coiumn 3 the probable error introduced in the final
value of the range. The values listed are for the 50~ and 500~
kev measurements; there {8 usually a decreasing per cent of
error with increasing ion energy. The total pi-obable error is
obtained by taking the square root of the sum of the squares of
the individual errors. Sea p. 57, text.
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TABLE V. ERRORS IN KRYPTON IN BERYLLIUM

STRAGGLING MEASUREMENT

Possible sources of error

Armount oof
error (/o)

%0 Error intro- v
duced in final value

of straggling

ETT™ Location of lower half
maximum of peak in
profile

E%{M Location of upper half
masxdimum of peak in
profile

Ei‘é{M. E}Igm Uncertainty in

7 inst
Exy VL EL Y Uncertainty in

o prot stragg

M ETEM Amount of m-
purity atoms
deposited

Pe Uncertainty inpe 's
All other adurpes listed in
Table IV

iﬂ. Zlo'-il. 19

40, 27-=11. 11

+40

450 == 430

+3.0

ils; 3""115. 7
_'*_'_20. Z**_‘tlé- 3

i?o 4"“":!"00 13
iZI¢ 6“"13. 96

~5

+3.0
<L5

TOTAL PROBABLE ERROR ASSIGNED: +35o-~+24%
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Table V: Errors in krypton in beryllium range straggling
measurements. The errors are typical of all the xenom,
krypton, and argon range straggling measurements. Column 1
lists the‘ source of e. ror, column 2 the estimated uncertainty
in the source expressed as a probable error, and column 3 the
probable error {ntroduced in the final value of the range strag-
gling. The values listed are for the 50~ and 500-kev measure-
ments; there is usually a decreasing pe‘r cent of error with
increasing ion energy. The total probable error is obtained by
taking the square root of the sum of the squares of the individual
errors. See p. 58, text.



TABLE V1.

=8 a

RANGE MEASUREMENTS

ERRORS IN NITROGEN IN BERYLLIUM

%o Error intro-

Possible sources of errox Amount of duced in final valus
exzor (/o) of range
E,, Location of peak inprofile  +0.52--+0. 61 47, 6--+1.93

E,y Spectrometer drift +0, 21
E 10 Electrostatic analyzer drift 0.2
E1 0 Ezo Electrostatic analyzer 0.2
. calibration
Ejo* Ezo Uncertainty in surface +20
contaminant correc- :
tion
' Ct:me1 Uncertainty {n 61 +0, 88
Cos@, Uncertainty in 8, +0.95
pe Uncertalnty in p €'s +3. 0
Uncertainty in 0 +0.2
E%] Uncertainty of incideat en- +0. 21--+0. 80
ergy at region 1 - region
2 interface
(nxlnT) Uncertainties in + 50
(do /an ) .AQIR ’
and in using
é(nlln'l‘)ma:: a8
"average'' impurity
concentration in
region 2
/Itl) Uncertainty in ,t, +20
Uncertainty in factor ''{" used in + 50

estimating how many embedded
atoms the incoming atoms see

;tz. 52"‘10. 40
2.2--40, 34
0.3

43, 10--40. 84

+0.35
+0. 60
+3.0
42, 74--10., 61
+0,13--40,12

ilo 65""10- 94

40, 32--+0. 20
40.81--40. 51

‘TOTAL PROBABLE ERROR: +10%--+4%
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Table VI: Errors in nitrogen in beryllium range measurements.
The errors are typical of the nitrogen and neon measurements.
Column 1 lists the source of error, column 2 the estimated un-
certainty in the source uxpresied as a probable error, and
column 3 the probable error introduced in the final value of the
range. The values listed are £or the 50- and 500-kev measure-
ments; there is usually a decreasing per cent of error with in-
creasing ion energy. The total probable error is obtained by
taking the square root of the sum of the squares of the individual

errors. See p. 59, text.
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TABLE VII. ERRORS IN NITROGEN IN BERYLLIUM
STRAGGLING MEASUREMENT

Qr -
/o Exrror intro-

FPossible sources of error Amoumooef duced in final value
error ( /o) of straggling
R R s S e e
ETy" " Loeation of lower half  +0. 21--+0., 80 +8, 78--+24.8
maximum in profile -
gUHM
10 Location of upper half +0. 26--+0, 61 +9.27--H7.7
maximum in profile
ETy L ER™ Uncertainty in +35 +1,93--40, 74
%inst
Eg™ VM Uncertatnty in # 50--4 30 47.5--+12.9
7 prot atragg
pe Uncertainty in pe 's 43,0 43,0

(n,/n.) Uncertaintics in .+ 33 +5, 4-~+8, 48
B Tmax(do_/dﬂ) .AQ/RC. — - L

and in using 3/4

L ] 4 y >

(nllnT)mm: as “av

erage' impurity con-

centration in region3
(ItT/xtI) Uncertainty in 1 + 20 +1.10--42, 40

Uncertainty in factor "3 used in
estimating how many embedded
atoms the incoming atoms see "~ + 50 42, T4==+6, 02

All other sources listed in
Table VI <3.0

TOTAL FROBABLE ERROR ASSIGNED: +16.7%0--+35, 0%
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Table VII: Errors in nitrogen in beryllium range straggling
measurements. The errors are typical of all nitrogen and neon
range straggling measurements. Column 1 lists the source of
error, column 2 the estimated uncertainty in the source ex-
pressed as a probable error, and column 3 the probable errox
introduced in the final value of the range straggling. The values
listed are for the 50- and 500-kev measurements; there is usually
a decreasing per cent of error with increasing ion energy. The
total probable error is obtained by taking the square root of the
sum of the squares of the individual errors. See p. 59, text.



TABLE VIll. EXPERIMENTAL RANGE AND RANGE

STRAGGLING MEASUREMENTS

lon and Target lon Energy Range Range Stra. fgling
(kev) { i+ gm/em?) ( b gm/cmé)
32.44+ 9. 4 4.3+ 1.2 4.4+ 1.1
1007 3 9.43'{1.0 6. orz 1.1
200. 5 17.5+ 1. 2 10. I+ 1.3
Xe in Be 300. 8 24.07 1.8 12.1 71,7
401.0 32.0;’2.0 21'3:1.8
501. 3 41.1% 5.1 19.37 1.9
50. 1 4.3 +0.9 4.4+ 1.5
100. 3 7.72“51.4 1.5+ 1.5
200. 5 15. 2+ 2.0 17.7F 2.0
Xe in Al 300, 8 22.8F 2.8 30.9 7 3.3
401. 0 36.6 F 3.3 33.7F3.2
501. 3 43.7154.9 30,3 F 6.0
45.9 + 3.0 5.8 + 1.0 3.9+ 1.3
96.60;_3.26 10.6°4 1.5 8.763}_'1.1
196. Z°+ 3. 23.4F7 2.3 16,6+ 2.0
Kr in Be 295.6 F 4. 2 35.5F 3,7 21.1F3.4
395.6 F 5.0 48.2F 4.4 28.4T 4.6
495.6F 5.8  60.7F 4.0 26,47 6.2
50, 1 5.0 + 1.4 6.9 + 2. 1
100. 3 9. 12__‘4“ 2.2 15. 5+ 1.8
200.5 19. 274 1.7 19.0 ¥ 3. 1
Kr in Al 300, 8 35.2 F 4. 0 28.5%3.9
401.0 47.47 6.4 38.9%6.5
501, 3 56,1 F 7.6 45.27 8.9
48-5"'1.0 8.7"'2.2 8.24‘1.2
98.6 ¥ 1.4 18.5+ 2.0 14. 27+ 1.7
A in Be 198, 8+ 2. 1 36.0F 3.3 21.0F 2.5
298.0 F 3.3 56,7 F 4.0 25.7 ¥ 3.7
396.9 F 4.3 72.8 T 5.0 30,9 F 4.5
500.72 97.3F 6.5 37,8 75,0
44.7 + 3.0 8.2+ 1.0 3.0+ 1.4
Atn pl0 99.6 ¥ 1. 1 15,9+ 2.0 12. 47+ 2.4
3002 50.0F 3.9 22.9%F 2.7
500, 2 82.4F 7.3 26.7%F8.7
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Table VIII: The table gives the experimental range and range
straggling measurements in p gm/cmz. The range straggling
given in the table is the full width at half maximum of the im-
purity atom distributions based on the calculations of Sections
1. E and HI1. H. All errors quoted are probable errors, and
where no errors are indicated on the ion energies, it is im-
plicitly assumed that the ion energy uncertainty is < 1 per cent.
See p. 62, text. '
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TABLE VIII (cont'd. ). EXPERIMENTAL RANGE AND RANGE
STRAGGLING MEASUREMENTS

Yon and Target Yon Energy Range Kange St”ra.g%ling
(kev) (1 gm/em?) (pgm/em
49,6 + 0,6 9.2+ 0.9 3.6 +1,7
10072 19.07+ 1.7 11,4+ 1.4
AinB 249.5 44.6 7 2.8 17.2F 2.5
300.0 55,6 F 3.9 26.1F3.3
500, 3 86,6 F 5.8 22.9%8.0
49.9 10,4 + 2.7 7.5 +1.5
100, 0 18,1 F 2.6 13.T+ 1.5
AlnC 201.0 36.77F 4.1 19.6 F 2.2
300.0 49.2 % 4.0 20,0+ 4. 4
400, 0 64.6 7.4 28.9%F8.1
500, 0 86,07 5.9 27.2¥ 5.6
45.2 4+ 2.7 14,1 + 2.9 12.3+ 2.1
95.761?..5 41.71‘2.4 19.8F3.0
194.6 4+ 3.5 2.7 % 6.5 33.9% 3.9
Ne in Be 296.6F3.6  108.9+ 4 2 ="
' 393,7¥ 5.5 134, 1 ¥ 10.7 41.9 + 9.9
490,5F 1. 4 155,17 9.9 42.07 6,7
20.1 17.9+ 2. 1 17,4+ 2.9
. ©99.6 + 1. 38.3%F 2.7 15.4F 4.7
Ne in C 200, 2 75.2 F 4. 1 24.2T 6.8
299. 7 100, £+ 7.0 30.2F 12.5
400, 5 127.3¥8.2 40.2 ¥ 10,8
500, 6 143.7% 9.5 31.1%10.7
48.3 +1.3 23.8 + 2.3 11,0+ 1.8
97.5% 1.9 40.9F 2.6 12.5%F 3,5
N in Be 195.54+ 3.6 76.5F 4.5 23.2F 5.6
291.376.3 103. 7+ 5.8 23.1F5.5
385.94 9.6 127.6 ¥ 5.3 23.7+ 6.2
492.3F 7.6 151, 2% 6. 1 17.0F 5.7
49.9 24.0 + 3.6 14.3 + 3.9
N in C 99.7 + 1.1 43.4F 3.2 20.9%6.0
n 199, 6 75.7F 6.7 31.5F 11, 4
300, 0 100.97+ 5.8 30.1F12.2
46,7 + 2. 1 30.8 + 10.0 39.9 + 10.8
100, 1 74.0% 8,3 22.2F10. 1
N in Al 200, 2 114, I+ 12.8 44.1F12.5
296.2+ 3,6 156.17F 14. 2 62.9F 16,0
400, 198.7 F 15. 1 42.8 F 14,6
" 497.4 4 5.4 218.5 ¥ 16.8 57.2 7 16.8
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DETERMINATION OF LABORATORY VELOCITIES v AND

e

Vo FROM CENTER OF MASS VELOCITY V
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Figure 1: The determination of laboratory velocities _‘;l and ;.0
from the center of mass velocity ;; « The velocity of the inci-
dent atom is ViL * OL and Oc are the laboratory and center of
mass angles, respectively, of the séattered atom. Y is the lab-
oratory angle with respect to the incident beam direction through

which the "'stationary atom'' recoils. See p. 9, text.
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Figure 9: Distribution of krypton in beryllium target as a func-
tion of the amount of krypton ion deposited. The maximum con-
centration of Kr in each bombardment is expressed as an effec-
tive molecular composition. Frotons scattered from the three
lesser concentrations of krypton indicate that the embedded
atoms have no effect on the range measurement greater than

the experimental uncertainty. Concentrations greater than one
krypton atom per ( = 30) beryllium atoms introduce a noticeable

shift in the peak. See p. 46, text.
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Figure 10: Division of target into two regions to calculate
neon and nitrogen ranges. Reglon 1 represents a layer of

pure target atoms. Region 2 represente a layer consisting of
2 mixture of target and impurity atoms; the impurity atom con-
centration increases with depth. Proton energy E(llo) is re-
quired to ‘scatter from the region 1 - repion 2 interface, and
proton energy Eﬁax is required to scatter from the layer of
atoms having the maximum impurity atom concentration. See

p. 48, text,
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Figures 11 - 18: The range of xenon, krypton, and argon in
various targets is plotted as a function of the lon bombarding
energy. The solid curve in each figure is the theoretical pre-
diction of equation 26 for the range modified by the projection
correction of equation 36, The curve is drawn over the region
of validity of the r_z potential mentioned in Section 1. D . The
dotted curve in each figure is the theoretical prediction of
Lindhard and Scharff (Lindhard, 196la) neglecting electron
excitation. but including projection correction (equation 39).
The Jzshed curve is the theoretical prediction of Lindhard

and Schar{f (Lindhard, 1961b) including both projecfion cor-

rection and electron excitation. See pp. 62-65, text.
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Figure 13

70l RANGE OF KRYPTON IN BERYLLIUM

60

2
E/cm ) .
o o

(ng

RANGE
&
®)

20

10

1

l

0 | | L1 L | 1 ]
0] |00 200 300 400

KRYPTON ION ENERGY (kev)

500




~107-

Figure 14
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Figures 19 - 23: The range of neon and nitrogen in various
targets is plotted as a function of the ion bombarding energy.
The dashed curve in each figure is the theoretical prediction
of Lindhard and Scharff (Lindhard, 1961b) including electron
excitation but neglecting projection correction, See p. 62, 65,

text,
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MMgures 24 - 31: Range stragsling of xzenon, krypton, and
argon in various targets is plotted as a function of the ion
bombarding energy. The solid curve in each figure represents

the full width at half maximum predicted by equation 29,

2 \/(2 In2) QZ (R} . No consideration is given for Q Z(RD)
I

in terms of Qz(’i{} . See p. 63, text.
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Figure 32: The dotted curve represents the contribution to
the stopping cross section (dE/NdR) due to elastic nuclear
collisions (equation 43, text). The dashed curve gives the
contribution to the stopping cross section due to electron
excitation based on Lindhard and Scharff's estimate (equation
44). The solid curve is the linear‘ sum of these contributions,
and the dark circles are the experimental points obtained by
differentiating a smooth curve drawn through the points of

fig. 19. See p. 65, text,
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Figure 33: The dotted curve represents tae contribution to
the stopping cross section (dE/NdR) due to elastic nuclear
collisions (equation 43, text). Theé dashed curve gives the
contribution to the stopping cross section due to electron ex-
citation based on Lindhard and Scharff's estimate (equation
44). The solid curve i@ the linear sum of these contributions,
and the dark circles are the experimental points obtained by
vdifferentiating a smooth curve drawn through the points of

fig. 21, See p. 65, text.



