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ABSTRACT 

The mechanisms by which ion irradiation influences atomic 
transport are reviewed, including cascade mixing, enhanced dif
fusion via mobile point defects, rapid diffusion along extended 
defects, and solute trapping at irradiation damage. The effects 
of these processes on measured concentration profiles are 
considered for high-energy ion beam analysis. 
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1. INTRODUCTION 
Atomic displacements resultlnc from energet1c-1on bombardment 

of a solid Inevitably have an effect on atomic migration, and 
hence on the compos1t1on-versus-depth profile. This perturbation 
may change an otherwise static distribution, or It may alter the 
variation of a thermally evolving system. In the case of 1on • 
backscatterlng or nuclear reaction analysis with light, HeV 
particles, such effects are generally orders of magnitude smaller 
than for Implantation of hlgh-Z elements at lower energies. 
Changes in depth distributions produced by such light-ion analysis 
are frequently less than the experimental resolution, permitting 
the measurement to be regarded as nondestructive. Nevertheless, 
under certain conditions, the analysis beam effects may be quite 
significant. 

The purposes of this paper are to review the mechanisms by 
which ion irradiation Influences atomic transport, and to assess 
their Importance for Ion backscattering and nuclear reaction 
analyses. The discussion is also applicable to profiling by 
sputtering erosion, but this technique will not be considered 
In detail here. (See the sections dealing with SIMS and sputter 
profiling in these proceedings.) The mechanisms of 1on-induced 
transport may be distinguished as follows. First, atoms move as 
a result of atomic collisions as the analysis-beam particles 
traverse the lattice, an effect frequently referred to as cascade 
mixing. Second, mobile point defects generated by the Irradiation 
may undergo extensive diffusion before annihilation or agglomeration 
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* , 
causing enhanced atomic diffusion. Third, extended defects such 
as dislocations are produced by defect agglomeration, and these 
may provide paths for rapid diffusion. Finally, irradiation 
damage 1s found to trap certain solutes, notably .light inter
stitial species, thereby Inhibiting their migration. 

In the following section, the depth-dependent rate of atomic 
displacements will be discussed and compared for light and heavy 
ions. Subsequent sections will consider the transport mechanisms 
enumerated above. Methods will be described for estimating their 
magnitudes, and experimental examples will be given. In several 
cases the examples nil! be taken from heavy-1on bombardment, 
where the effects are observed more definitively. 

2. ATOMIC DISPLACEMENT RATES 
The rate P at which vacancy-interstitial pairs are produced 

by ion bombardment may be calculated using the modified Kinchin-
Pease relation 

where $ is the ion flux, N is the atomic density of the solid, 
Ej is the effective threshold displacement energy, typically ^ 30 eV, 
and (dE/dx) is the ion energy deposited per unit depth into 

-1 +3 atomic processes, typically ^ 10 - 10 eV/nm. Equation 1 is 
written so that P is the number of displacements per target atom 
per unit time. This expression is probably valid to •>. 20% in the 
absence of thermal-spike effects, which are believed to be 
unimportant for light ions; The deposited energy (aE/dx) n can be 
obtained theoretically with an accuracy of i> 205! for a monoatomic 
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solid oriented in a nonchanneled direction witli respect to the 
beam.' This quantity has been tabulated for a number of target-
incident ion combinations. 

The energy into atomic processes varies greatly with depth 
and with the atomic number and energy of the incident ion. This 
is illustrated in Fig. 1, where the theoretically calculated 

A (dE/dx) n is plotted versus depth for 2 HeV He and 100 keV Al 
e incident on Al. Depth is expressed here as a fraction of the 

mean projected ranges R for the two particles. These results 
serve to emphasize the point made above that the light, HeV ions 
usually employed for backscattering analysis produce far less 
damage than heavy elements implanted at lower energies. Thus, if 
Eq. 1 is applied at a depth of R./10 with E d = 32 eV, 6 one finds 
that an Al ion displaces 0.6 target atoms per nearest-neighbor 
distance as it traverses the lattice; the corresponding value for 
2 MeV 4He is 0.0007. 

A second conclusion from Fig. 1 is that the light-ion damage 
rate increases strongly near the end of range. This is of rela
tively little importance for Rutherford backscattering analysis, 
where the incident energy 1s held fixed and the analyzed depths 
are small compared to R . It becomes more significant when the 
beam energy is varied over a wide range, as in certain types of 
nuclear reaction analysis. 

3. CASCADE MIXING 
The creation of a vacancy-interstitial pair moves at least 

one target atom with respect to the host lattice. (The number moved 
is greater than one for a focused collision.) If, as a first 
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approxlmation, the distribution of momentum transfers is taken 
to be isotropic, the resulting migration is essentially a random-
walk process. Then one may characterize the transport by an 
effective diffusion coefficient 0*. This quantity has been 
estimated by adapting the standard expression for thermally activated 
diffusion in a cubic lattice, giving 

D* = 1 X2? (2) 

where X is the root-mean-square separation for a vacancy-interstitial 
pair and P is given by £q. 1. The number of atoms moved by each 
atomic collision is assumed to be one in this expression. A quan
titative evaluation of the parameter X does not currently appear 
in the literature. However, since most of the displaced.atoms 
are ejected from their lattice sites with an energy not much greater 
than the threshold value, X is probably several times the nearest-
neighbor distance. Values of 1 nm and several nanometers have 

7 8 been used. ' 
An alternative expression for D* has been discussed when the 

individual ion cascades are sufficiently dense and long-lived for 
g 

thermal-spike behavior to occur. The equation is 

where r is the mean distance between collisions for an atom within 
the cascade, d is the diameter of the cascade, and the remaining 
parameters are defined as in Eq. 2. This relation differs from 
Eq. 2 only in that X' is replaced by the product rd. Therefore, 
since X, . r, and d are all in the nanometer range, Eqs. 2 and 3 will 



yield effective diffusivities of the same order. Because thermal spike 
phenomena are believed to be unimportant for light ions, Eq. 2 
would seem to be more suitable in the present context, and will 
be used henceforth. 

The distribution of momentum transfers in an ion cascade is 
not entirely isotropic as assumed above, since there is necessarily 
a bias in the direction of the incident ion. This essentially 
means that a directional flow is superimposed on the random-walk 
transport. With regard specifically to measured concentration-
versus-depth profiles, the effect for a given constituent of 
a solid depends on the difference in nonrandom flow between that 
species and others which are present. This is a consequence of 
the depth profile being referenced to the sample surface, as has 
been pointed out elsewhere. Hence, the departure from random-
walk behavior may have either sign, and is zero for self-atoms 
in a pure host. These rather complex perturbations will not be 
discussed in detail here. 

An experimental example of apparent cascade mixing is pro
vided by ion-induced silicide formation from deposited Nb films on 
Si substrates. When driven thermally, this reaction has an activa
tion enthalpy of 2.7 eV. However, at lower temperatures the 
evolution is observed to be accelerated greatly by 275 keV Si 
ion bombardment. An Arrhenius plot of the extent of Nb-Si 
reaction at constant irradiation fluence is given in Fig. 2, where 
the extrapolated reaction rate without ion bombardment is also 
indicated. In the temperature-dependent region, the slope of 
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the data corresponds to an activation enthalpy of 0.9 eV, which 
is close to onerhalf the vacancy migration enthalpy 1n pure Nb. 
Such a variation suggests that, at these temperatures, atomic 
transport occurs primarily through thermal diffusion of irradia
tion-induced point defects (See Section 4.) rather than through 
cascade mixing. The temperature-independent rate at lower tem
peratures, however, points strongly to cascade mixing as the 
dominant mechanism. Equation 3 was used to estimate D* in this 
regime; for r = 0.25 nm and d = 5 nm, the calculated value was 
about an order of magnitude smaller than that obtained from the 
data. This was judged to be acceptable agreement in view of the 
theoretical and experimental uncertainties. 

Cascade mixing during high-energy ion beam analysis probably 
has a negligible effect on the measured concentration profiles in 
most instances. The smallness of the perturbation is illustrated by 
using Eqs. 1 and 2 to calculate the effective diffusion coefficient 
for a specific case, that of 2 MeV He incident on Al. The energy 
deposition rate (dE/dx) is taken from Fig. 1, and X is set 
equal to 1 nm. A beam current density of 0.1 uA/mm is assumed to 
continue for 1000 s„ so that a charge of 100 uC/mm is accumulated. 
Then, at a depth of Rp/10, D* = 4 x 10" 2 0 cm2/s; alternatively, 
at the depth where the deposited energy is maximized, 

— IS 2 
D* = 2 x 10" cm /s. The corresponding values of the characteristic 
diffusion distance v^t for t = 1000 s are 0.07 nm and 0.4 nm, 
respectively. By comparison, the depth resolution for ion back-
scattering analysis is typically •>. 10 nm.' 
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The above discussion of cascade mixing is cursory, and 
more sophisticated treatments appear in these proceedings. (See 
the sections on SIMS and sputter profiling.) Even with recent 
developments, however, the phenomenon seems incompletely under
stood. For example^ experimental evidence suggests that cascade 
mixing is quite sensitive to the chemistry of the irradiated 
solid (See, for example, Refs. 10 and 11.). It should also be 
pointed out that few quantitative comparisons between theory 
and experiment have been published. Nevertheless, the indicated 
smallness of the effect during high-energy ion beam analysis is 
believed to be qualitatively valid. 

4. ENHANCED DIFFUSION 
Ion bombardment may greatly accelerate the diffusion of sub

stitutional atoms at lower temperatures. The increased vacancy 
concentration due to the irradiation causes a proportional 
increase in diffusion by the vacancy mechanism. In addition, 
substitutional atoms are ejected into interstitial sites, from 
which they diffuse rapidly. These two transport processes comprise 
what is usually called enhanced diffusion. They are differentiated 
from the cascade mixing discussed in Section 3 by their dependence 
on thermally-activated defect migration. The overall atomic dif-
fusivity under conditions of enhanced diffusion is governed by 
the production rate of mobile vacancies and interstitials, by 
the migration rates of these defects, and by the probabilities of 
their annihilation by recombination, agglomeration, or assimilation 
Into immobile sinks. 

Enhanced self-diffusion in a pure crystalline solid is 
described by the formalism of Dienes and Damask. This theory 



- 9 -

may also be used f o r an approximate treatment o f impur i ty d i f f u s i o n . 

The basic equations are 

T * * ° v 1 ^ + " P " I * < C v " ° v t h ) " 4 , r R 1 v N D i C « c i <4> 
3C. 3 ZC- D< 
-R; " Di - £ + o P " 7 c i " 4 * R i v N D i c v c i (5) 

D* = C v D v + C i D i ( 6 ) 

where C is the total atomic fraction of vacancies, cj is the 
vacancy concentration without irradiation, C- is the atomic 
fraction of interstitials, P is the production rate of vacancy-
interstitial pairs per target atom, a is the fraction of the 
point defects which escape the cascade to migrate freely through 
the lattice, £ is a characteristic diffusion length to fixed 
annihilation sites, N is the atomic density of the material, R. 
is the vacancy-interstitial separation at which spontaneous recom
bination occurs, and D* 1s the enhanced atomic diffusion 
coefficient. The terms on the right side of Eqs. 4 and 5 
take account, respectively, of defect diffusion, production, 
annihilation at fixed sinks, and annihilation by vacancy-interstitial 

recombination. The multiplicative coefficient 4 T R . J V
D ; is obtained 

13 from earlier theoretical work by assuming that D, » D . The 
quantities P, a, and a are assumed to be the same for vacancies 
and interstitials, and a correlation factor of order one is omitted 
from Eq. 6. The above equations are readily solved by numerical 
methods discussed elsewhere. In applying them to a specific 
experimental problem, the principal uncertainties are usually in 
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the parameters a and l. More wf11 be said of these quantities 
below. 

For purposes of the present discussion, approximations -may 
be made which yield an analytical expression for 'D*. The vacancy 
and interstitial profiles are assumed to be 1n a steady state 
where creation and annihilation are balanced, and the spatial . 
variations in C y and C. are assumed to be small over a distance 
of l. Both these approximations are reasonable for ion back-
scattering analysis at depths greater than I. The derivatives 
in Eqs. 4-5 may then be equated to zero, giving 

/ ?»_ + c t h D \ 2 + 3_ 1 V2 
(7) 

This equation is simplified further in three regimes: at suf
ficiently high temperatures, normal thermal diffusion dominates, 
and D* = D VC = D where D is the unenhanced diffusivity; at 
intermediate temperatures when the diffusion is enhanced and point 
defects annihilate mostly at fixed sinks, 

D* = 2aP£ 2, (7A) 
so that D* is independent of temperature; and at still lower 
temperatures where annihilation occurs principally by recombination, 

• V * N R . V 
(7B) 

y i e l d i n g an a c t i v a t i o n enthalpy o f one-ha l f the vacancy m ig ra t i on 

entha lpy. 

An experimental example of enhanced d i f f u s i o n is provided by 

the temperature-dependent region i n F i g . 2 10 Here the Nb-Si 
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mixing rate under Si Ion bombardment varies a s ^ B " for Hb, con
sistent with Eq. 7B. In another experiment, all three of the 
temperature regimes discussed above were-observed for dilute 8, 
P, and As solutes in Si under proton irradiation. An Arrhenius 
plot of the measured diffuslvity is shown in Fig. 3. In this case 
the incident proton energy was either 250 or 360 keV, and the ion 

11 2 flux was 5 x 10 at./cm -s. The B and P data are plotted together 
on the upper curve, while the As data are significantly lower. 
The broken curve represents a theoretical calculation for enhanced 
Si self diffusion. The straight lines at the left give the 
unirradiated dlffusivities of the four species in Si. Moving 
from high to low temperatures in Fig. 3, the diffusion coefficient 
first decreases rapidly (unenhanced diffusion), then reaches a 
plateau (Eq. 7A)., and finally decreases again with a reduced 
slope (Eq. 7B). 

A third and more complex example of enhanced diffusion is 
given in Fig. 4. In this case an Al host was ion implanted with 
Zn at room-temperature, and then irradiated with 80 keV Ke at 
403 K. The complexity arises because the defect production rate 
varies greatly over the depths of Zn diffusion. This is seen by 
comparing the post-irradiation depth profile with the energy into 
atomic processes, also given in the figure. Under these conditions 
Eq. 7 could not be used for the theoretical analysis; 1i tead, 
Eqs. 4-6 were solved numerically to obtain D Z n ( x ) , which was then 
used in the atomic diffusion equation. These complications were 
rewarded, however, by an independent determination of the pre
viously discussed parameters a and £, which are difficult to 



estimate theoretically. Thus, the extent of the enhanced-diffusion 
region is determined by the drop in the Zn concentration at 
* 300 nra. This is about 100 n» beyond the irradiated 'iyer, 
suggesting that-£ -v 100 no. In fact, the detailed theoretical 
analysis of the depth profiles yielded I = 70 nra. Then, by 
comparing the experimental and theoretical rates of profile evolu
tion, a was estimated to be = 0.02b. 

As indicated earlier, the formalism embodied in Eqs. 4-6 
is appropriate for enhanced self diffusion, but it does not 
provide a complete description of impurity diffusion. Notably 
absent from this theory are the effects of coupling between 
impurity atoms and the mobile point defects. When gradients are 
present in the defect concentrations, such interactions may cause 
a directional solute flow to be superimposed on the random-walk 
diffusion, so that the impurity transport cannot be fully char
acterized by an effective diffusivity 0 . Extensions of the 
formalism to include such processes have been detailed in the 
literature, and are beyond the scope of this discussion. It 
should be noted, however, that large departures from random-wal>. 

diffusion during irradiation are observed experimentally 
under certain conditions. Such effects have been manifested, 
for example, by solute enrichment or depletion in the vicinity 
of a surface.18 

The extent of enhanced diffusion durirg high-energy ion beam 
analysis will be assessed by estimating 0* for a specific case, 
Z MeV He bombardment of Al. The beam current density is 0.1 uA/ram , 
and the diffusivity is evaluated at a depth of R./10 = 700 nm. The 
defect production rate at this depth is obtained using Eq. 1 and 
Fig. 1. The fraction o of point defects participating in enhanced 
diffusion is somewhat arbitrarily taken to be 0.1; the actual 
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value is necessarily less than one, and it is expected to be 
greater than the result a » 0.025 reported above for Ne bombardment, 
since the He cascade is less dense. The characteristic annihila
tion distance £ is set equal to 50 nm, a value similar to that 
deduced from Fig. 4. The recombination radius R- is 0.73 nm, 
corresponding to a recombination volume of 100 atoms as is 
typically reported in the literature. Finally, the unenhanced 
atomic diffusivity D and ths vacancy diffusion coefficient D 
are obtained from the literature. * When these parameters 
are substituted into Eq. 7, the results are as shown in Fig. 5. 
Also included is the cascade mixing rate discussed in Section 3. 
The various temperature regimes detailed above are indicated on 
the figure, together with the associated activation enthalpies Q. 
(Q„ is the vacancy migration enthalpy, 0.59 eV for Al. ) 

The diffusion length \0 t is calculated from Fig. 5 for 
t - 1000 s and plotted in Fig. 6. This condition corresponds to 
an accumulated beam charge of 100 yC/mm . A second curve 
givesVo*t at the end-of-range damage peak (Fig. 1). For com
parison, the nearest-neighbor spacing in Al and the approximate 
depth resolution for Rutherford backscattering are indicated. 
The latter is Z0 nm in Al, assuming a detector resolution of 10 keV. 

The results in Fig. 6 indicate that ion beam analysis may 
produce significant enhanced diffusion, even at room temperature. 
Moreover, the example given is not a worst-case estimate. The 
effect would be increased under the following conditions: bombard
ment with ions of greater atomic number than He, as in certain 
types of nuclear rer.-tion analysis; greater vacancy mobility 
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(Q » 0.59 eV for Al.); fewer sinks for point defects (larger 
* in Eq. 7A); and a smaller beam current for the same accumulated 
charge (See Eq. 7B.). Even 1f the measured depth profile is not 
observably altered, resulting microstructural changes may affect 
the outcome of other measurements such as ion channeling and 
electron microscopy. For instance, a few nanometers of diffusion 
Is quite sufficient to produce precipitation from a supersaturated 
alloy. The extent of enhanced diffusion in a particular experiment 
may be estimated by evaluating D* from Eqs. 7A and 7B, and then 
taking the smaller of the two results. If the parameters o and I 

are not known, an upper bound can be obtained by assuming « to 
be one and i to be the distance from the surface. 

5. DIFFUSION ALOHG EXTENDED DEFECTS 
Lattice damage produced by ion irradiation often agglomerates 

22 into extended defects, notably dislocations. For metallic solids 
this occurs in most cases. Since the activation energy for dif
fusion along dislocations is less than that in a perfect lattice, 

23 these defects provide paths for rapid migration. At lower 
temperatures the overall transport rate may be substantially 
increased. Such diffusion effects have been investigated almost 

23 exclusively in unirradiated materials, and relatively little 
is known of the extent to which they result from ion bcmbard-
ment. However, iimited experimental evidence does indicate their 
presence in certain ion-implanted alloys. An example is the 
accelerated diffusion of Cu. in Be following Ne bombardment, 
which will now be discussed. 
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Beryllium single crystals were implanted with Cu at room 
temperature to produce diffusion couples, and then annealed iso-
thermally at various temperatures. The evolution of the Cu con
centration profile was monitored by ion backscattering analysis, 
the objective being to determine diffusion rates and solid solu
bilities. The profile behavior in the absence of Ne irradiation 
was as follows. The initial peak retained its position and width, 
being stabilized by precipitation of Be,Cu, but a lower amplitude 
tail emerged into the underlying single-phase Be. This tal" had 
the form erfc(x/V4Dt) as expected from diffusion theory, and it 
intersected the peak at a concentration equal to the solid solu
bility. The evolution rate was controlled by the Cu diffus vlty 
0 in the unirradiated region of the Be traversed by the tail; 
at the lowest anneal temperature, 593 K, the profile remained as 
initially implanted to within the experimental resolution. 

The evolution rate at 593 K was greatly increased by Ne 
irradiation of the region through which the diffused tail moved. 
The Ne bombardment was carried out at room temprature prior to 
annealing, but the Cu profile was affected only during the sub
sequent heat treatments. Copper and Ne depth profiles after 
175 hours at 593 K are shown in Fig. 7. Kliile the observed Ne 
distribution was unchanged by heating, a diffused Cu tail i; seen 
to have penetrated to approximately the maximum Irradiated depth. 
Rather than having the erfc(xA/¥uTJ shape, for which 8 ZC/3x 2 is 
everywhere positive, the tail exhibits a plateau at the solid 
solubility (3,0 at.%) and an abrupt drop. This is consistent 
with a limited region of greater diffusivity. 



By a process of elimination, the accelerated Cu migration seen 
in F1g. 7 is attributed to diffusion along extended defects. The 
effect occurs after irradiation, and it persists for hours it 
593 K and 673 K. Isolated vacancies and interstitials in Be are 
mobile at these temperatures, and hence should be ripldly 
annihilated. Therefore both cascade mixing (Section 3S and enhanced 
diffusion by point-defect migration (Section 4) would appear to 
be excluded. One is then left with extended defects as the cause 
of the migration. 

It is difficult to predict theoretically the degree of dif
fusion along extended defects produced by high-energy ioi beam 
analysis. This mechanism is quite sensitive to sicrostructural 
details, and these vary greatly with conditions. One may note, 
however, that the activation energy is believed to be at least 
one-half the value for perfect lattice diffusion, so that 
significant profile changes at roon temperature are unlikely in 
most cases. Somewhat more probable is an alteration of elevated-
temperature diffusion following ion beam analysis. The effect 
will, of course, be much smaller for light-ion analysis than for 
implantation of heavy elements. 

6. DEFECT TRAPPING 
Atomic diffusion may be inhibited by trapping at either point 

or extended defects resulting from ion irradiation. Such effects 
are usually of far greater consequence for int-rstitial solutes 
than for substitutional species, since interstitials tend to 
become mobile at lower temperatures- where the defects do not 
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anneal out. Moreover, the lower activation enthalpies for inter
stitial diffusion are often comparable with, or less than, the 
trap depths. Diffusion in the presence of immobile traps of a 
single type is described by the coupled equations 

3C 
f - 0 

3x 
¥t = D r - i r - s ( 8 > 

-ri = + s • < 9 > 
where the f low S to traps i s given by 

S = 4i7RTDM C A T - C , t , - CT exp(- p£) . (10) 

Here C is the concentration of untrapped solute, C T is the concen
tration in traps, and Ay is the total density of trap sites, all 
expressed as an atomic fraction. These quantities are defined so 
that trap saturation occurs when C T = A--. The parameter R- is 
the effective trap radius, N is the atomic density of the solid, 
and Q T is the trap enthalpy measured with respect to an equilibrium 
untrapped site. The quantity C is assumed to bf << 1. The 

27 13 
general form of these equations and the factor 4-nR.j.D have 
been discussed elsewhere. The system can be solved numerically 

14 by methods described in the literature. 
Within certain restrictions, diffusion in the presence of 

traps can be c'isracterized by an effective diffusion coefficient D*. 
Thus, if there is near-equilibrium locally between C and Cy so 
that S is small, and if C T « A-, Eqs. 8-10 yield 
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where 0 is the perfect-lattice diffusivity. The first of the above 
conditions is usually satisfied. The second often is not, and in 
such cases the more elaborate formalism must be used. 

The effect of trapping on diffusion is more pronounced at 
lower temperatures, where the transport rate may be reduced by 
orders of magnitude. This is illustrated by applying Eq. 11 to 
a specific and relatively extreme case, that of hydrogen diffusion 
in Fe in the presence of ion damage. Here the perfect-lattice hydro

ps 
gen diffusivity is activated by only ••- 0.05 eV, whereas in ion-
irradiated material, two traps are observed with depths of » 0.5 eV 

90 
and = 0.8 eV, respectively. If one assumes that only the weaker 
trap is present, at a concentration of 0.1 at.%, Eq. 11 yields 
the temperature-dependent diffusivity shown in Fig. 8. The 
perfect-lattice rate is also given for comparison. The ratio D /D 
is seen to range from approximately one at elevated temperatures -5 to < 10 approaching room temperature. 

Although ion beam analysis generally produces far fewer 
defects than implantation of heavy elements, the resulting density 
of traps may still be high enough to alter interstitial transport 
greatly. This is especially true when the diffusing species is 
present at a low concentration. As one example, analysis of 
deuterium (D) in Fe using the He-excited nuclear reaction 
D( He,p) He has been observed to produce qualitative changes in 

og the D depth profile. Th--'s is seen from the two experimental 
profiles given in Fig. 9. The conditions under which these da.ta 
were obtained are as follows. Highly annealed Fe was initially 
implanted with 1.5 x 10 1 6D/cm 2 at 60 keV and a temperature of 90 K. 
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Following implantation, the sample temperature was twice increased 
to 303 K for 15 minutes and then returned to 90 K. Other measure
ments indicate that diffusion of D from the Implantation-damaged 
region occurs at 260 K, well below the anneal temperature. After 
both heat treatments the depth distribution was measured at 90 K, 
with the beam spot remaining fixed. The resulting profiles are 

3 labeled "annealed" and "annealed after He analysis" on the 
figure. Following the first anneal, the D evidently was retrapped 
within the implantaion-damaged layer during cooling; after the 
second anneal, however, retrapping occurred over a much broader 
range of depths due to the presence of analysis-beam damage. 
(The He beam energy was varied between 0.2 HeV and 2.5 MeV 
during the profile measurements.) 

More generally, trapping by ion damage has rarely proved 
troublesome for substitutional species, but it arises frequently 
with interstitial solutes. Indeed, in the case of hydrogen isotopes, 
the effect is so widely prevalent that it greatly restricts the 

30 use of nuclear reaction analysis for diffusion measurements. 
Moreover, other small interstitials such as C and N are also 

31 believed to couple with defects, although the details are not 
as well documented. 

7. CONCLUSION 
Analysis with light, HeV ions is generally considered to be 

nonpertubative for most applications, and nothing in this paper 
refutes that view. Nevertheless, circumstances do arise where 
the analysis significantly modifies the measured depth profile, 



-20-

so that this possibility should be considered in interpreting 
experiments. Among the four processes considered in the present 
text, defect trapping of interstitials has proved most important. 
Estimates of enhanced diffusion indicate that this effect may 
be significant where analysis beam damage is relatively high, 
as in certain nuclear reaction measurements. Rapid diffusion 
along extended defects is difficult to predict, but it has not 
been reported as resulting from H or He bombardment. Cascade 
mixing, although observed during implantation of heavy elements, 
would seem to be unimportant for high-energy ion beam analysis 
with light particles. 

Sputter profiling is not a principal concern of this paper, 
but some mention of how it is affected by the above transport 
processes is appropriate. As compared to high-energy ion beam 
analysis, sputtering employs ions which are more numerous, less 
energetic, and heavier. Consequently, both cascade mixing and 
enhanced diffusion are much more important. Defect trapping is 
not detrimental, because the destructiveness of sputtering 
precludes post-analysis annealing studies in any case. For 
the same reason, diffusion along extended defects is significant 
only if it occurs near room temperature. 
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FIGURE CAPTIONS 

1. Energy deposited into atomic processes by 0.1 HeV AT and 
2.0 HeV 4He incident on A l . 5 

2. Temperature dependence of Nb-Si mixing under Si ion bombardment 
for constant fluence. 

3. Enhanced diffusion of B, P, and As in Si under proton irradiation. 
4. Enhanced diffusion profiles for Zn in Al under Ne bombardment 

at 403 K. The calculated energy into atomic processes is 
5 given by the solid line. 

5. Estimated enhanced diffusivity for 2.0 HeV He irradiation of 
Al. The quantities Q are activation enthalpies. 

6. Estimated diffusion lengths for 2.0 MeV He irradiation of Al. 
The conditions correspond to an accumulated beam charge of 
100 uC. 

7. Diffused profile of ion-implanted Cu in Be following room-
24 temperature Ne irradiation and annealing at 593 K. 

8. Calculated diffusivity of H in Fe with and without 0.5 eV traps. 
9. Deuterium depth profiles in Fe measured at 90 K after annealing 

29 
at 303 K, with and without prior ion beam analysis. 
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