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Range Profiles of 300- and 475-eV 4He+ Ions and the Diffusivity of 4He in Tungsten
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Range profiles for 300- and 475-eV He+ ions implanted in situ in tungsten at 60, 61,
80, 90 K were measured, directly and absolutely, employing an atom-probe field-ion
microscope. A mean range (x) of 40+4 A aud a parent standard deviation (a) of 20 to 36
L was obtained for 200-ev 4He+; values of x and o of 56+ 6 A and 37 to 42 A. , respectively,
were determined for 475-eV He+, The existence of an isolated and immobile interstitial
He atom was established and an enthalpy change of migration of 0.24 and 0.82 eV was

determined.

Current interest in the fundamental properties
of helium in metals has been generated by the ma-
terials problems associated with the development
of the liquid-metal fast-breeder reactor' and the
controlled thermonuclear reactor. ' However,
because of a lack of appropriate experimental
techniques the investigations of the range of low-
energy (&1 keV) implanted He ions and the dif-
fusivity of He in metals have been largely theo-
retical. ' ' Measurement of the range profiles
of implanted He ions have been confined to ener-
gies' ) 1 keV; furthermore, the measurement of
both the range profiles of implanted He and the
diffusivity of He in metals have relied exclusive-
ly on the trapping of He at lattice defects intro-
duced as a result of heavy-ion irradiation. '

The accomplishments of our work on tungsten
(W) reported here are (1) the establishment of
the ability of the atom-probe field-ion micro-
scope (FIM)" to detect implanted 'He atoms re-
tained in a perfect (i.e. , totally defect-free) lat-
tice; (2) the detection of the presence of an iso-
lated and immobile interstitial 'He atom; (3) the
measurement of the range profile of low-energy
(&1 keV) implanted 4He ions in a perfect lattice;
and (4) the determination of the temperature at
which interstitial 'He atoms become mobile in a
perfect lattice. The above accomplishments rep-
resent the first successful study of some very
fundamental properties of He under conditions
where the 'He does not interact with other lattice
defects; at present the atom-probe technique is
the only one available to measure these proper-
ties.

The basic physical ideas involved in the experi-
mental procedures are illustrated sequentially
in Fig. 1. A single-crystal W FIM specimen, at
an irradiation temperature (T,), was irradiated
in situ with 300- or 475-eV 4He' ions parallel to
the [110]direction as shown in Fig. 1(a); the cor-
responding values of the reduced energy param-
eter (e) in the Lindhard, Scharff, and Schit(tt

(LSS) theory" are 1.47 x10 ' and 2.33 x10 ' for
300- and 475-eV 'He' ions, respectively, on W.
A 300-eV He atom can transfer a maximum en-
ergy of -25 eV to a W atom in a head-on two-
body elastic collision. Since the minimum dis-
placement energy for the production of a stable
Frenkel pair in W is =42 eV, "no self-intersti-
tial atoms (S1A's) or vacancies are created at an
implanatation energy of 300 or 475 eV. With no
SIA's or vacancies present to act as trapping
centers, implanted 4He atoms can remain in the
specimen only if He is immobile at T, Thus,
the state of the W specimen after an irradiation
consisted of immobile interstitial He atoms im-
planted in a perfect W lattice with a depth 'He'
distribution that is determined solely by the
range profile of the low-energy ions. Next, the
specimen was analyzed chemically, by the atom-
probe technique, at a standard reference tem-
perature (T„),where T„-T, , and a 'He integral
profile was plotted as shown in Fig. 1(b); this is
an integral profile since it measures the cumula-
tive number of 4He atoms as a function of the
cumulative number of W atoms (depth) from the
irradiated surface. The depth scale is converted
from cumulative number of W atoms to angstroms
from the measured number of W atoms per (110)
plane contained within the cylindrical element
sampled; see Fig. 1(a). Finally the 4He range
profile, Fig. 1(c), may be constructed by taking
the first derivative of the integral profile shown
in Fig. 1(b); or alternatively by plotting a fre-
quency distribution diagram.

A novel technique for the determination of an
absolute depth scale was developed; Fig. 2 sche-
matically illustrates the method. During the
atom-probe analysis the specimen was oriented
and the magnification adjusted so that only the
central portion of the W(110) plane was chemical-
ly analyzed. The specimen was then pulsed field
evaporated through the repeated application of
high-voltage pulses. Three successive stages in
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FIG. 2. A schematic diagram illustrating the method
employed to determine an absolute depth scale. Three
states in the field evaporation of one (110) plane of W
are shown in (a). The field-evaporation behavior of this
plane is indicated in (b) by the steplike increase in the
rate at which tungsten atoms are detected.

FIG. l. (a) The in situ irradiation of a W FIM speci-
men with 800-eV 'He+ ions at a T; where the implanted
He atoms are immobile. The density of spots corre-

sponds to the approximate range profile of He in W.
The cylindrical volume element represents the volume
chemically analyzed by the atom probe. (b) The number
of He atoms versus depth as a function of T;. Note
that the He integral profile tends to flatten out as a T;
is increased. (c) The range profiles of He in W as a
function of 7';.

the pulsed field evaporation of one (110) plane
are indicated in Fig. 2(a.). As the plane was
pulsed, field-evaporated atoms were detected as
indicated by the positive slope in Fig. 2(b). When
a plane was completely evaporated the slope of
the curve in Fig. 2(b) returned to zero. There-
fore the removal of one (110) plane resulted in a
single-step increase in the plot of the number of
% atoms detected versus the number of field-
evaporation pulses applied to the specimen. Since
the W lattice was employed as a depth marker,
the absolute depth of each implanted 4He atom
from the initial irradiated surface was measured
to within one (110) interplanar spacing (= 2.2 A)

independent of the total depth of analysis. Thus
the spatial depth resolution of the atom-probe
technique is limited solely by the interplanar
spacing of the region being analyzed.

Figure 3(a.) shows a composite of two 'He inte-
gral profiles for a W specimen which has been
irradiated at T„=60+2 K with 300-eV'He' ions
to a fluence of 4 x10" cm ', at a flux of 3 x10"

cm ' sec ', along the [110]direction (+5') and
analyzed at T„=60+2K. Figure 3(b) exhibits the
300-eV 4He range profile, which was constructed
from four integral profiles for T,. =60, 61, 80,
and 90 K and T„=60 + 2 K; the fluence, flux, and
irradiation direction were identical for all four
irradiations; at these four T,.'s 4He is inzmobile
in W. The uncorrected values of the mean range
(x) and the parent standard deviation (o) are giv-
en in Table I. The 'He integral profiles include
a contribution due to the random arrival of 'He
atoms from the gas phase, as detected in the con-
trol runs; an upper limit to this effect is 20% of
the total number of events collected from the ir-
radiated specimens; in the case of the 475-eV
4He' irradiation at T,. = 60 the random arrival
contribution was (5%. The magnitude of this con-
tribution was determined experimentally in a
series of control runs and thus the actual x and
a at 300 eV were estimated to be 40 + 4 and 23 to
36 A, respectively, for the composite integral
profile (T, =60, 61, 80, an. d 90 K); while a,t 475
eV they were 56+ 6 and 35 to 43 A, respectively.
The + values for x represent 1 standard devia-
tion in the mean (s ). The quantity s is given
by the experimental standard deviation s divided
by the square root of the number of measure-
ments n in a single set; therefore even for n as
small as 25 and an s of "-37 A the quantity s is
only +7 A. Thus the fractional standard devia-
tion in the mean, or fractional standard error
(s /x), of the composite (all 4 T,'s) 300-eV inte-
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FIG. 8. (a) The composite integral profile for 800-eU
He implanted in W at 60 and 61 K. {b) The composite

helium range profile for 300-eU He implanted in W at
60, 61, 80, and 90 K.

gral profile is =0.10, while for the 475-eV pro-
file s /x is -0.11. The results presented for the
475-eV 4He' irradiation demonstrate that both x
and 0 increase with increasing ion energy; x in-
creased by 40'%%u~ for a 58/~ increase in the ion en-
ergy. This energy-dependent increase in x is ad-
ditional proof that we are dealing with a true im-
plantation effect. Thus, in conclusion, we be-
lieve that data (i and o) for the five range meas-
urements reported in Table I are statistically
significant. The composite range profile [Fig.

3(b)] represents the only experimentally deter-
mined one for 4He, in any metal, for an implanta-
tion energy of (1 keV; experiments are current-
ly in progress to determine its exact shape more
quantitatively. It is interesting to note parenthe-
tically that Biersack, "employing his latest ver-
sion of the TRIM program, has calculated x =40
A and v=34 A for 300-eV'He' ions impinging on
an amorphous Ql target. Biersack" has also cal-
culated the lateral width of the distribution and
it is small compared to the radii of curvature of
the specimens we employed.

In order to establish that the 'He detected in
the previous experiment was not trapped at struc-
tural defects in the W lattice, the following iso-
chronal recovery experiment was performed. A
W specimen was irradiated along the [110] di-
rection with 300-eV ~He' ions at -30 K. After
the irradiation ~2 (110) planes, corresponding to
~4.4 A of material, were pulsed field evaporated
from the specimen. This procedure removed the
sputtered surface and restored the surface to a
nearly perfect state. The specimen was then
warmed isochronally from ~30 to 90 K at a rate
of 1.5 K min ', while the FIM image was photo-
graphed at a rate of two 35-mm cind' frames
sec '. No SIA contrast effects were observed
during this experiment indicating that no SIA's
crossed the surface of the FIM specimen. Our
previous work" demonstrated that if SIA's were
present they would have appeared throughout the
entire range of 38 to 90 K. The specimen was
then dissected by the pulsed field-evaporation
technique and was examined for point defects.
The density of point defects was determined to be
(8x10 (atomic fraction); their depth distribu-
tion was not related to the ~He integral profiles.
These results constitute conclusive evidence that
the 4He was not trapped at SIA's or vacancies.
This indicates that the 4He atoms were located in

TABLE I. A summary of the range measurements for 300- and 475-eV 4He+ ions im-
planted in W.

Energy
{eV)

Irradiation Uncorrected Uncorrected parent
temperature (T;) Total number of mean range (x) standard deviation (0-)

(K) He atoms (A) (A)

800
300
300
300
475

60
61
80
90
60

26
25
27
58
41

43.9
44.0
47.1
40.7
55.8

86.4
87.8
35.0
84.7
40.8
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the interstices of the lattice and that they were
immobile in tungsten at 60, 61, 80, and 90 K.

The temperature at which the interstitial 4He

atoms became mobile in W was determined by
implanting 'He in an FIM specimen at different
T&'s and then analyzing at T„=60 K. The 4He

integral profile determined at T„was independent
of T; only if the 'He was immobile at all values
of T,. However, when T,. was above the tempera-
ture at which the 'He interstitials became mobile,
the He implanted during the irradiation diffused
to the surface of the FIM specimen and entered
the gas phase. Therefore a sharp decrease in
the measured 'He concentration was expected as
T, was increased (see Fig. 1). Since only T, was
varied, significant changes in the integral pro-
file could only be attributed to a sharp increase
in the mobility of the interstitial He atoms at T,
A dramatic change in the integral profile was ob-
served upon increasing T,. from 90 to 110 K; thus
indicating that interstitial He atoms were im-
mobile at 90 K but were highly mobile at 110 K.
By employing a diffusion model, a value of the
enthalpy change of migration (M H, ) of 0.24 to
0.32 eV was estimated.
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Site-Bond Correlated-Percolation Problem: A Statistical Mechanical Model
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A new model for polymer gelation is presented that Predicts new effects that can not be de-

rived from the conventional theory of Flory and Stockmayer. An exact solution is obtained

for the Bethe lattice, and is related to recent experimental results of Tanaka. Under certain
conditions, the gelation curve terminates at the consolute point; at this point, both connectiv-

ity and concentration fluctuations are critical, just as in the random magnet at the percola-
tion threshold.

Recently, there has been renewed interest in
applications of critical-phenomena concepts to
polymers. ' The gelation transition is particular-
ly intriguing, in part due to superficial resem-
blances to the bond percolation problem.

In 1941, Flory' proposed an elegant model of
polymer gelation, which has the virtue of being
amenable to closed-form solution for the special
case in which one neglects the possibility of intra-
molecular binding. Flory's original model and
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