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Experimental findings in 180° backscattering enhancement from solids
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Institut fir Experimentalphysik, Johannes-Kepler-Univeisi#-4040 Linz, Austria
(Received 25 July 1996

We use a backscattering assembly developed recently to investigate the enhanced backscattering from
polycrystalline materials near 180°. The nominal scattering angle can be continuously varied between exactly
180.0° and 178.5°. It is shown that the stochastic model of flux peaking, though its predictions are surprisingly
consistent with experimental results, either does not apply to real measurements or does only take account of
a negligible fraction of the effect, which cannot be documented by experiment. The energy loss of He projec-
tiles along correlated inward and outward trajectories turns out to be the same as in any random direction. To
get the enhancement factor unaffected from detector resolution we measured the integrated backscattering yield
from a number of targets with different thickness and deduced the yield by two different methods. For 400 keV
He projectiles scattered from partly oxidized Ta a maximum enhancement factor of 2.8 is found.
[S0163-18207)06405-9

[. INTRODUCTION information on stopping power was obtained by varying the
in-going trajectories. The main shortcomihgf this proce-

Investigation of solid targets by Rutherford backscatteringdure is that it also changes the phase of the oscillatory pro-
with swift light ions at precisely 180° can provide more dis- jectile motion at the interface. This could change the point
tinct or even additional information compared to normalWwithin the strained layer at which dechanneling occurs and,
backscattering. This applies especially to single crystalshence, change the strength of the dechanneling effect; under
where uniaxial double alignment allows one to study simul-unfavorable circumstances, the oscillating channeled beam
taneously both channeling and blocking in the same low incould even follow the bend of the channel without any ap-
dex direction. The field of application of highly collimated Preciable dechannelingesonance channelifig
180° backscattering can be extended when the scattering T0 avoid this problem, one has to keep the crystal aligned
angle of the detected projectiles can be continuously varieWith the beam, and the information on energy loss has to be
in the vicinity of 180°. For instance, a thorough understand-obtained from projectiles following differerdut-goingtra-
ing of the 180° y|e|d enhancemér&sks for this Option_ Up jectories, in any suitable Chann6|, on principle. However, it
to now, almost all measurements in this field have been don@”OWS from the reVerSibility of trajectories that conditions
with a detector positioned close to the incoming beam. As avhich lead to strong dechanneling also feed a great number
matter of fact, projectiles backscattered at exactly 180.0®f backscattered projectiles into the same channel. Hence, an
miss this detector. Recently, we have developed a 180° falniaxial double alignment geometry with variable scattering
cility which allows us to continuously vary the scattering @ngle is ideally suited for stopping power measurements in
angle of detected projectiles between true 180° and 178.5¢rystals. With our facility we intend to study energy and
To our knowledge, it is the only device having this virtue. By €lectron transfer processes of He projectiles in channels.
this, we have investigated the behavior around 180° of quan-
tities related to the enhancement effect.

We want to point out that our facility also offers the pos-
sibility to investigate energy loss processes in channeling The facility is fully described in Ref. 6; here we give only
conditiong using backscattering geometry; one then noa short summary of relevant details. The 180° backscattering
longer depends on the use of thin self-supported single cryssssembly is an improved version of our first mofi#i: both
tals foils as is necessary in transmission experiments. Theases the 180° backscattered projectiles are deflected out of
concept of this method has been published by Hetheringtonthe incoming beam by a vertical magnetic field. To reduce
who measured the stopping power of InP for 2.5 MeV Hethe dispersion of the magnetic field we have now added an
ions in (110 and(111) channels. The target consisted of a electric field (see Fig. 1 so that the essential part of the
cap of InP covering a thin strained layer of InAs grown on anspatially dispersed spectrum hits a 300 frietector{a par-

InP substrate. The InAs layer is fully strained so that off-ticle implanted and passivated silicRIPS detector made
normal channels are bent at the interfaces. Usually, charby ORTEQ. The detector and the input stage of the preamp-
neled projectiles can not follow the bend and are dechanilifier are kept at constant temperature of 161 K by a mixture
neled catastrophically The strained layer acts as a marker of liquid and solid C$, which has a melting enthalpy of 4.39
which gives rise to the backscattering signal. Hetheringtord/mol comparable to that of iog.01 J/mal. In spite of the
measured the energy of scattered projectiles leaving the crytarge area of the detector, we obtain a resolution of 9.1 keV
tal at random directions. To study the change in energy lostor 400 keV He projectiles. The detector unit is mounted on
when going from channeling to random directions he had ta dewar which can be moved in the vertical direction by a
swivel the target out of alignment with the beam. Henceinear motion feedthrough.

II. EXPERIMENTAL LAYOUT

0163-1829/97/5%)/28677)/$10.00 55 2867 © 1997 The American Physical Society



2868 H. ELLMER, W. FISCHER, A. KLOSE, AND D. SEMRAD 55

300mm?

detoctor FIG. 1. lon optics of the 180° assembly.
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ergy of the incoming Hé projectiles. Note that
vertical the transverse scale is blown up by a factor of 10.
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The 180° assembly is attached to the beam transport sy#}. A THEORETICAL DESCRIPTION OF CORRELATION
tem of a 700 keV single ended Van de Graaff accelerator. IN BACKSCATTERING EXPERIMENTS
Two baffles(B;: 1.2 mm andB,: 0.8 mm, 2450 mm
apar} collimate the beam to a maximum incident half-angle o . o
divergence ofa=0.023°; the root mean square angle of all We assume normal incidence in tzedirection of the
trajectories with respect to the beam axisdis,=0.012°, Incoming beam on the target. The numbez) of projectiles
After being deflected by the electric and magnetic fields thd®’ second back_scattered Into the detector from a layer at a
beam passes a vertical 98t of 1.15 mm width. As the slit depthz and of thicknes®z is given by
intercepts the rim of the beam it is made from beryllium to
minimize background due to scattering. The length of the _ Qo ) . i
flight path betweeiB; and the target is 1160 mm. The beam I(2)= dQ f Fxy;2)N(x,y:2)AzAQp(Xy;z)dx dy.
spot on the target is roughly ellipti@2.0x2.3 mm). In the 2
target chamber, at a scattering angle of 170°, there is another
detector which is used as fluence monitor; all spectra med-or scattering around 180° the differential scattering cross
sured near 180° are normalized to the number of projectilesectiondo/d(} is stationary and has been taken out from the
registered by this detector. Tikecomponentin the horizon-  integral. All other quantities apply to depth f(x,y;Zz) is the
tal plane of the acceptance anglfor backscattered projec- flux distribution function(m 2s™ 1) and N(x,y;z)Az the
tiles is given by the width of the vertical sB; (3,=0.0789.  areal atomic number density; it is given by
The verticaly component is exclusively determined by the N(x,y;z)Az=2 §(x—x;) 8(y—Y;) with j running from 1 to
detector baffle. Hence, by moving the detector and its baffldl,Az, whereNj is the average atomic number density of the
up or down, we can change this component of the backtarget.AQp(X,y;z) is the local solid angle of the detector
scattering angle and therefore the total backscattering angldefined by all trajectories starting from positior,¥) and
In addition to the scattering anglewe have introduced the hitting the detector. Obviously, bothf(x,y;z) and
backscattering anglep)=180-6. With the detector posi- AQp(X,y;z), depend on atoms positioned between surface
tioned in the plane of the incoming beam we measure proand depthz. When the functions in the integral are not cor-
jectiles scattered at a nominal backscattering angle of 0°, anetlated we get the well-known equation of the product of
with the detector shifted up by=52.5 mm projectiles scat- their mean values|y(z)=da/dQIgNygAZAQp,, With
tered at 1.5°. The nominal backscattering angte0.0286h Ig=[f(Xx,y;z)dx dy the number of incident projectiles per
is the angle between beam axis and the trajectory through theecond and witlAQ, the standard solid angle of the detec-
center of the detector baffle. The height of the detector baffléor. Any correlation results in a deviation bfz) from 1,(2):
of 3 mm determines the acceptance angle in the verticatorrelation betweeri(x,y;z) and N(x,y;z) is called chan-
plane, which isg,=0.078°. For the root mean square angleneling, correlation betweed(p(x,y;z) and N(x,y;z) is
we getB;,s=0.039°. Due to the finite emittance of the beamcalled blocking, and correlation between all three quantities,
and to the finite acceptance of the detector, with the detectdi(x,y;z), N(x,y;z), and AQp(X,y;2), is called uniaxial
shifted up by a distanch (given in mm we measure pro- double alignment.
jectiles with a root mean square scattering anglg, (all Here we will focus on correlation betwediix,y;z) and
angles in degrege®of AQp(x,y;z) with the atoms distributed at random, resulting
in 180° yield enhancement. In the following, we make sev-
eral simplifications, commonly used in similar discussions:
B;ms=180°— \/(0-02861)2+01r2ms+,3r2ms 1) momentum transfer leading to deflection of the projectile
does not imply energy transfer, the target atoms stay at rest,
and the electronic energy loss can be neglected. For positive
Hence, with the detector in the 180° posititn=0) the rel-  projectiles, these assumptions do not severely bias the
evant rms scattering angle is 179.96°. result}®91% Hence, projectiles scattered through 180° at a

A. Basic considerations for enhancement
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depthz will exactly follow the inward trajectory on their way do lo
out. So we can modify Eq2). Within the small transverse I(2)= a0 NoAz A Ao
. . . BO BO
phase space occupied by the beam, the density of pantigles
can be assumed constant. By analogy, using Liouville’s theo-
rem we can introduce a local solid angle angle of the beam,
AQg(x,y;2):

xf AQg(X,Y;2)AQp(X,y;z)dx dy. (4)
A

If we normalize to the yield expected for uncorrelated solid
angles, we get the so-called enhancement fadt¢z). Eq.
(4) becomes

Is f(x,y;2)

M0~ Ao Oge  ADg(Xyi2)" @

JaAQg(X,y;2)AQp(X,y;2z)dx dy

@)= AaoAQaod Qg

®)

Agp is the minimum cross section of the bedat its wais}, I" depends on deptla and on the position of the detector
and AQg, the solid angle as determined by baffRs, B,, relative to the beam.

andB;. By Eg. (3) we can interchange local solid angle and  Following the concept of the stochastic model presented
local flux distribution. So we finally get in Ref. 11, we can split the integral in Ep) into two parts:

JaAAQE(x,y;2)dx dy+ [aAQg(X,Y;2)[AQp(X,Y;2) — AQg(X,y;2)]dx dy
AgoAQpgoAQpg '

I'(z)= (6)

In our layoutAQg, is about 2.5% ofAQ)y,, so the second and of the covariance, coldg,Qd;—Qg), which can be
integral is always positive and is larger than the first by atpositive as well as negative. A negative correlation for scat-
least a factor 10. It should be stressed that in all experiment®ering angles smaller than about 179.5° gives Yyield
with planar detectors positioned close to the beam or witldepletiort* which has to exist for conservation of the number
annular detectors!?3the first integral does not contribute of scattered projectiles.

at all. Reference 11 only deals with the first integral. Never- The enhancement given by the second integral is due to
theless, it seems meaningful to distinguish between these twiocusing of trajectories; if at a depth the angle between
contributions as their relative enhancement and their deptintry and exit path is not larger than about Q(2°the case
dependence might be different. According to statistics, thef 1 MeV He" onto P} it tends to get even smaller when the
first integral gives the average of the square of solid afmle backscattered projectile leaves the targef. Obviously,

of flux) which is the sum of the square of the avera@g,> there is some correlation between the scattering processes
and of the variance vé)g). The variance is always positive along the way into and out of the target, which can be quan-
except for a uniform distribution dfg where it vanishes. So tified by a so-called similarity factdf This correlation will

an increased contribution from the first integral can be diget lost due to close encounters where a small difference in
rectly related to an inhomogeneous flux or to flux peaking, inmpact parameter results in a large difference in scattering
our diction to solid angle peaking, as described by the variangle, so that neighboring trajectories become separated and
ance. This peaking effect is discussed in Refs. 10 and 11 owill penetrate different regions of the target. As in the two-
the basis of shadow cones behind target atoms and of raimtom model* the decreasing enhancement with increasing
bow scattering. At larger depthes the beam is blown up in  depth may be elucidated by the exponentially decreasing
angle due to multiple scattering, so the shadow cones begsrobability exg—N,r 377z) that there is no encounter with an
come obscured and rainbow scattering will be less effectiveimpact parameter smaller than some critical vafue.g., the
The flux gets more uniform and the variance decreases. Bthomas-Fermi screening length. From this one may con-
there will always be shadow cones so that the variance wiltlude that this contribution should extend to much shallower
stay positive, and a residual enhancement should survive ugepths than that given by the first integral.

to large depths. When looking for reasons for differences in  In summary, we may say that the existence of inter-
the intensity of the enhancement, the most prominent effeathangeable trajectories according to the stochastic model in
is that the first integral describes sets of interchangeable ircontrast to the correlation of trajectories may lead to a larger
bound and outbound trajectories. Both emerge from an&nhancement which may also extend to larger depths. There-
merge into the beam, respectively. Therefore, projectiles cafore, we have investigated the enhancement in the vicinity of
enter the target along one of both trajectories and return vid80°, especially in the transient region where the overlap of
the other. This is not true for the second integral as the avthe solid angles of detector and beam goes from its maxi-
erage of the two solid angles is zero. The integral yields thenum value betweeh=0 andh=1 down to zero ah=2 (see
sum of the product of the mean valug3gy(Qpo—Ngo),  Sec. lll B). Furthermore, we have tried to find a difference in
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energy loss of projectiles scattered closely to 180° comparedeen performed with 400 keV He ions; here, the target was a
to projectiles scattered at angles smaller than 179.5°. It wathick layer of Au evaporated onto a silicon wafer.
suggestel that due to the absence of close encounters with Since all the spectra taken with the 180° detector were
the target nuclei on their way through the target these pamormalized to the integrated spectrum of the 170° detector,
ticles may have more bound electrons and hence suffer lesgey all refer to the same fluence. For calibration purposes
energy loss. In Sec. Ill C we present measurements of thgne can take advantage of the fact that the yield enhancement
true depth dependence of the enhancement unaffected by thejimited!? to angless larger than 179.4° and to target depths
finite detector resolution. less than 70 nm. Hence, the enhancement factor can be de-
rived from the ratio of a particular normalized spectrum to
B. Measurement of the angular dependence of enhancement that at 178.5°. In their low-energy regioforresponding to

To obtain a large enhancement, one should provide fopackscattering from depths larger than 70)roth spectra
optimum conditions for reversibility of trajectories. The pro- Nave to coincide, provided the width of baffis and hence
jectile has to be much lighter than the target atom to keefih® acceptance of the detector does not depend on Height
elastic energy loss in the backscattering event stgtr  Indeed we have found that the baffle width stays constant
projectiles backscattered from deptheelevant for enhance- Within 3%.
ment, the timeT from entrance until exit has to be small, so  In Fig. 2 we show three backscattering spectra obtained
that the distribution of target atoms remains essentially conwith the detector ata) #=180.00°(h=0, 6,,,,=179.969, (b)
stant. Here, it is useful to introduce the relation for depth6=179.98° (h=0.8, 6,,=179.959, and (c) #=179.93° (h

scaling based upon the two-atom model by Hen =2.5, 6ms=179.929. We want remind the reader that the
first two spectra include a contribution from the first integral
NoZ,Z,Z%/E,=const, (7)  in Eq. (6), but not the third. Obviously, there is no dramatic

change in the shape of the spectra when going filonto (c)
whereNg is the atomic density and, andZ, are the charge (A6,,.=0.039 as compared to going from@ to (b)
numbers of projectile and target, respectivedy.is the pro-  (A6,,,=0.019. All three spectra coincide in the region be-
jectile energy. Qualitatively, this scaling has been confirmedow channel 760, where enhancement is still present; a dif-
by experiment? with increasing energy, the maximum en- ferent depth dependence due to flux peaking is not discern-
hancement is shifted to larger depths, and this holds also fdble.
targets with smaller atomic density. Introducing To describe the yield enhancement in a quantitative way,

E,=myv,%/2 andz/v,~T/2, we get we have chosen the areal number density of excess atoms
which would give the same additional yield. This quantity is
No(Z1/2m;)Z,T?=const (78 sensitive both to the magnitude of the effect and to its exten-

sion in depth. In Fig. 3 we shoM,..sas a function of the
and we see thaf does not depend upon projectile energy.nominal backscattering angle. The spline fit is to guide the
To obtain smallT, we should choose a target with large eye. Again, we get a smooth function. This is an indication
charge number and high atomic density. Although &@) of a smooth transition between varianjgescribed by the
favors protons above all other projectiles, we choose heliunfirst integral in Eq.(6)] and covariancédescribed by the
projectiles in view of our planned stopping power measuresecond integral Also the fact that the prediction of the sto-
ments. We still have to select the projectile energy. To get @hastic modeét is consistent with measurements using a pla-
large enhancement factdy, E, should be smafl.For ener- nar detector positioned close to the incoming beam points
gies below the stopping power maximum, this will also re-this way: this model should not be applicable at all. Though
duce inelastic energy loss. Therefore, all measurements hav® real experiment meets the requirements to(éeclu-
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L T — guided forth and back in some sort of “wells with no atoms
® of the solid within a few tens of pm! suffer the same
©  measurement 1 energy loss as in any random direction, within 4%.

spline fit

el
o
1

C. Measurement of the depth dependence of enhancement

Here, we are interested in the normalized yield enhance-
ment factor as a function of depth

Y18d(2)
Yi17842)’

where Y54(2) and Yq754z) are the number of projectiles
backscattered at a depthfrom a layer of thicknesaz and
exiting the target at an angle close to 180° and to 178.5°,
respectively. As shown above, depth scale can be converted

FIG. 3. Number of excess atoms per unit area which will giveto energy scale and vice versa by using random stopping
the same measured yield enhancement as function of nominal bacROWer values, so we gé(E) =Y 15 E)/Y ;75 {E). Energy
scattering angle. 400 keV He ions hit a massive gold target. Thé IS related to deptl by (Ref. 18 E=kE,—(S)z, wherek,
spline fit is to guide the eyes. is the beam energy andS) is the stopping power factor.

Unfortunately, only the yields convoluted with the detector
sively) described by the stochastic model, it gives a goodesolutionG(E’,E) are accessible to experiment:
estimate of the 180° yield enhancement. Obviously, flux ,
peaking not only results in an increase of the variamdsch TodE')= IY1sdE)G(E',E)dE _ )
is the base of the stochastic modeut also in an increased & IY175dE)G(E',E)dE
probability for correlated inward and outward trajectories.

This is confirmed by calculations with a Monte Carlo pro- thanT" but, unfortunately, only data fdfs,{E) have been

gram which show thfit t.he erth dependgnce of the inhomo;:Sublished until now. Clearly, one needs some sort of resolu-
geneity of the flux distribution perfectly pictures that of thetion correction to obtail". As we showed in Ref. 19, only

yield enhancement. arametrization of the problem will give satisfying results
The spline fit to the data in Fig. 3 show a peak centered af _ | only if a function dzpendent onga small nfzmger of pei-
¢=180°, with a full width at half maximum angle of 0.36°, | ~ta/s can be found which properly describ¢E)

; . . I
and a Io_ng tail e>_<tend|ng beyond a back;cattermg angle Ota But since we were not able to find a suitable function, we
0.8°. This behavior can be understood in the light of the '

. : ) ~“measured the integral yiel@(z)=/§Y({)d{ instead, to
discussions in Refs. 8 and 15. For shallow depth, there is 8 i1 rasolution progblem)s/ HeEe) w{: %g(a% c{)ns}darfunc-
modest enhanqement f"lt. small angles but with a large Widt on of z. Z(2) is the total numt;er of projectiles backscat-
followed by a yield deficit at even larger angles. Advancmgtered from a layer of thicknessand is therefore unaffected
in depth, the enhancement will become more pronounced b detector resolution. We can make useZgt) twice, as
both the angular width of the enhancement and the angul&* llows: when we take the differenc&Z for two tmet’s of
position of the deficit will move inward. Only at 180° we VA

i X . nearly equal thickness, we ga&tZ=YAz, whereY is the
will find a constructive superposition from all depths. Con- 4 averaged over the difference in target thickn&gs In
sidering enhancement as a function of angle, contribution%ontrast to the measurement\d, ., whereY(z) is averaged
from larger depths get lost or even reduce the effect mever the depth resolution of th)((ap’detector we can make
increasing angle. So we expect a cusplike shape. Actually, rbitrarily small, in principle '
due to the finite acceptance angle of the detector the tip o Alternatively’ we may take ratios instead of differences
the cusp is flattened. ' '

. int ing th tio of int t ield=e,
We have also compared the specific energy loss of 408" roducing the ratio of integrated yieldS.c

gt
o
T

_ I'(2)= (8)

15 2
Noycess [10°7 atoms/cm?]
g
T

[} ST RO I SN RN R ST R S S
-02  -0.1 0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

backscattering angle [°]

In the region of the maximun;,,, is considerably smaller

keV helium projectiles with correlated inbound and out- Zisd2)  [EYigd E)dé
bound trajectories with that of random particles. For this pur- Eexd2)= Z =TIy 9z (10
pose we used polished Si single-crystal backings covered 17842)  JoYirsd £)dE

first with a thick film of Al and then with a thin Ta marker If we assume that the Spectrum taken at 178.5° is fa|r|y con-
and a layer of Cubetween 10 and 20 nm thigkThe back-  stant for shallow depths, we can approximate the denomina-

scattering spectrum shows the peaks of Ta and Cu followeghr py Y,740)z. When we differentiate Eq(10) we get
at lower energies by the broad spectra of the Al film and of '

the Si backing. By comparing the area of the Cu peak to the dE exf2) Yisd2) [Yisd2)dz T'(2) Eexd2)

height of the Al spectrum we can estim‘&t¢he areal mass = 7= - .

d . . . i dz Y178_&0)Z Y178.40)Z Z z
ensity of the top Cu layer. To find any difference in energy (11)

loss we have to look for a shift of the Ta peak when varying

the backscattering angle from 180° to 178.5°. We did not-inally, I'(z) follows from

find any effect within an uncertainty of about 0.4 keV, which

is 2—4 % of the total energy loss of 400 keV He ions travers-

ing the Cu layer twice. So we can state that projectiles

I'(2)=Eeql2) +2

dEex;(Z)
4 (12
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We note thafl'(z) and E{2) intersect at the maximum of 35
Bexd2)- I
Fpgr the measurement, we used both methods. To obtain
Eexf(2) for a large number of values, 13 targets with thick-
ness ranging from 3.1 to 44.4g/cn? were produced. To I
obtain homogeneous films even for the thinnest targets, one 20
has to make sure that the material has negligible mobility =
across the substrate surface, since 180° yield measurements~ 15
are very sensitive to target inhomogeneities. We selected Ta o [
as target material. First a thick Al film was evaporated onto a | - —— ]
polished Si single-crystal backing which was then covered 05k i
by the Ta layer. By comparing the height of the Al spectrum .
to the area of the Ta peak, we get the areal density of Ta 00 ——/— e e e e e
atoms. Determining the actual composition of our targets, we
found that this corresponded roughly to,0g. For energy-

to-depth conversion we assumed Bragg's rule to be valid, FIG. 4. The enhancement factb(z) as function of target depth

and we used_the stopping power. from Ref. 20. for a Ta,O; target. Shown are the rati@,,z) of integrated yields

To §ave time, we actu;’:tlly did not measure the k?""Ck'(o en symbolsmeasured for a number of targets of thicknes
scattering spectra at 178.5° but used the spectrum registerggne ang at 178.5°, respectively. The broken curve is a spline fit to
simultaneously by the 170° detector positioned close to the,e gata. The solid line giveE(z) as obtained from the spline fit
target. The better counting statistics makes up for the iNaCasing Eq.(12). The data pointgsolid symbols with error baysare
curacy in the transformation. The peak afeggsis related  optained from differences of integrated yields from targets neigh-
to the peak ared,; by boring in thickness.

(do/dQ) 1785401785
A1785=A170 : (13 We have shown that the absence of close encounters of
(dO’/dQ):ﬁO AQl7O He . . . . . .
projectiles with target atoms as is the basic requirement
The angular dependence of the scattering cross sectidor correlated inward and outward trajectories leading to
do/dQ is assumed to follow the Rutherford cross SECtiOﬂ.yield enhancement does not change the specific energy loss
The relevant ratio of solid angles was determinedand hence the charge state of the projectile. Furthermore, the
separately according to Eq.(13): we obtained stochastic model describes only a small fraction of the en-
AQ47¢AL)y1755=16.3+0.75 in agreement with a geometrical hancement effect measured in real experiments. But as it is
determination. based upon the occurrence of flux peaking, which seems also
The result of our measuremerE,,(z), is presented in  to be the source of increased probability for correlated in-
Fig. 4. The broken line is a spline fit to the measured dataward and outward trajectories, its predictions are consistent
Using Eqg.(12), we get the true enhancement factdlms a  with experimental data. Finally, we have presented a proce-
function of depth(solid curve. As required by Eq(12), both  dure to determine the true enhancement factor unaffected
curves intersect at the maximum Bf,(2). from detector resolution. The value 5t2.8 is the largest

For comparison, we also show some representative da@hhancement factor determined by experiment.
points obtained from differencesZ. Here, we have to keep

the interval of averagingAz, small, and hence, we have to

accept large errors of the data which are differences of num- ACKNOWLEDGMENTS
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