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Techniques have been developed which permit the accurate measurement of angular distributions of
recoil nuclei formed in nuclear reactions.

The angular distributions of recoils from the reactions Bi"z(zz,3n)At"', Bi~'(zz, 4zz)At"', and Bi~'(d, 3zz)Po"'
are consistent with a reaction mechanism involving the formation of a compound nucleus and subsequent
isotropic evaporation of the neutrons, as shown by comparison with Monte Carlo calculations based on
an isotropic evaporation model.

INTRODUCTION

~ 'HIS work was undertaken in order to gain a more
complete understanding of nuclear reaction

mechanisms in the heavy element region than may be
acquired from cross section measurements. Several
authors have studied nuclear reactions by means of
various recoil techniques, ' ' but it seemed plausible that
further information on reaction mechanisms could be
gained by accurate measurements of angular distribu-
tions of heavy recoils.

There are several advantages of studying heavy re-
coils from nuclear reactions rather than observing the
light particles. Detection of the recoiling product nuclei

by observation of their radioactive decay is often ex-
tremely sensitive and very speci6c. Therefore, one may
investigate the mechanism by which a given product is
formed even though the yield is very low, and even

though other reactions are taking place simultaneously
with cross sections that may be several orders of magni-
tude larger. For example, it would be difficult to learn
anything about an (n, 2zt) reaction by observation of I:he

neutrons in a helium ion energy range where almost all

the total cross section belonged to the (ot,3rt) and (zr, 4rt)

reactions.
In this paper, angular distribution measurements of
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heavy recoils coming from the (d,3rt), (zr, 3ts), and (zr,4rt)
reactions of Bi"' are presented. Results of Monte Carlo
calculations based on an isotropic evaporation model are
used to interpret the experimental angular distributions.
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FIG. 1. Recoil target assembly.
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EXPERIMENTAL PROCEDURES

Bismuth targets were prepared by vacuum vaporiza-
tion of bismuth metal on to 0.001-inch thick aluminum
foils from hot tantalum or tungsten filaments.

The thickness of the deposited bismuth was deter-
mined by measuring spectrophotometrically the amount
of the yellow bismuth-thiourea complex' produced by
the addition of thiourea to a solution containing bismuth
dissolved from a section of the aluminum foil.

All bombardments were carried out at the Crocker
Laboratory 60-inch cyclotron. The targets were mounted
in the assembly shown in Fig. 1.The target chamber was
evacuated to 50 to 100 microns pressure during the
bombardment, and the uncoated side of the target foil,
which faced the incoming beam, was cooled by helium
gas circulating between the target and the aluminum
degrading foils that were used to vary the energy of the
incident particle beam. A catcher foil, consisting of a
circular piece of 0.001-inch thick aluminum foil 4.6 cm
in diameter, was positioned behind the target at a dis-
tance determined by the angle it was desired to inter-
cept. The position of the beam as it passed through the
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target was fixed by placing a graphite collimator with a
8-inch circular hole in front of the target assembly. After
passing through the aluminum catcher foil, the beam
was stopped in an electrically insulated water-cooled
Faraday cup at the back of the target chamber. The
beam current at the Faraday cup was measured by an
electrometer. In these studies, beam currents of about
0.25 microampere were usually used. With much larger
beam currents, there was a tendency for a film of foreign
material to deposit on the target, which caused scatter-
ing of the recoils. Also, with high beam current there
was a possibility of vaporizing target material from the
aluminum foil, or of causing diffusion of the target ma-
terial into the aluminum backing.

After bombardment, the aluminum catcher foil was
removed from the target chamber and cut into 11 con-
centric rings by pressing it against a steel cutter in a
hydraulic press at 5000 psi. The range of angles that
each ring subtended with respect to the target was cal-
culated from the dimensions of the catcher foil, the
weight of the ring, and the distance of the catcher foil
from the target. In most experiments, the catcher was
3.0 to 6.0 cm from the target.

The recoil products caught by the aluminum rings
were measured by gross alpha counting or alpha pulse-
height analysis, depending on the species involved.

As the result of a series of experiments whose object
was to determine the effect of target thickness on the
recoil angular distribution, it was found that the angular
distribution was essentially independent of target thick-
ness if the target was about 1 microgram per square
centimeter or thinner.

Since the recoil target assembly was normally used
near the cyclotron at a point where the cyclotron mag-
netic field was about 9000 gauss, it was necessary to
show that the trajectories of the recoils were not seri-
ously disturbed by the Geld. In several experiments the
target assembly was moved outside the magnetic field,
the beam being brought into it through an iron pipe
which served as magnetic shielding for the beam ions.
No change in the angular distribution was observed.

The symmetry of the angular distributions around the
axis of the apparatus was established by means of an
autoradiographic method. The geometric center of a
catcher foil was marked with a tiny pinhole. After
bombardment with 23-Mev helium ions the foil was
pressed by a glass sheet face down against a nuclear
emulsion plate. The darkroom light was turned on for a
short time so that the outlines of the foil and of the
pinhole were registered on the plate. After development,
the plate was scanned for the e tracks from the decay
of At"' recoils on the catcher originating from the bis-
muth target. The angular distribution of the recoils was
found to be symmetric about the geometrical center of
the catcher. The half-width of the distribution was 9~1'.
By cutting the same catcher into rings and measuring
the angular distribution by o, counting the At"', a half-
width of 8.5&0.5' was obtained.

On passage through the aluminum degrading foils; the
incident ion beam was scattered to a certain extent.
Although at most incident energies the effect of this
scattering on the recoil angular distribution was trivial,
at the lowest energies studied it was somewhat more
important. In such cases a correction was made for this
effect.

The angular distribution of the beam particles was
measured by placing a plain aluminum foil in the target
position and a bismuth coated foil in the catcher posi-
tion. After a short bombardment, the bismuth coated
foil was cut into concentric rings which were analyzed
for their At'" content by n counting. Since the quantity
of At'" in each ring should be proportional to the num-
ber of helium ions which struck that ring, the distribu-
tion of At"' gave directly the angular distribution of the
incident beam. This distribution was then unfolded
graphically by a successive approximation method from
the experimental recoil angular distribution. For 22-Mev
incident helium ions, the correction amounted to 0.5';
it decreased rapidly at higher energies.

MONTE CARLO CALCULATIONS

A simple evaporation model, based on the compound
nucleus concept, was taken as the starting point for
Monte Carlo calculations of recoil angular distributions.
In order to facilitate the calculations, several simplifying
assumptions and approximations were made. These are
listed and discussed below.

1. Neutrons are the only particles emitted from the
compound nucleus. Competitive de-excitation by other
modes, such as proton and gamma-ray emission, is
negligible as long as the nucleus is excited above the
binding energy of the last neutron.

2. The energy spectrum of the neutrons emitted from
the excited nucleus, unmodified by thermodynamic re-
quirements, is given by the expression

E(E) ~Re ~'r,

where P(E) is the probability of evaporating a neutron
of energy E, and T is a parameter, usually referred to as
the "nuclear temperature, "used to adjust the shape of
the evaporation energy spectrum. The calculations show
that the energy spectrum of the emitted neutrons lead-
ing to a particular reaction at the excitation energies
investigated is so drastically changed from the form
given above by the imposition of thermodynamic re-
quirements on the outgoing neutrons, and by competi-
tion from other neutron emission reactions, that the
energy spectrum of the emitted neutrons leading to a
particular reaction product is not very sensitive to the
exact form of the unmodified energy spectrum.

3. The angular distribution of the outgoing neutrons
is isotropic in the system of the recoiling nucleus. This
provides a simple model with which experimental angu-
lar distributions may be compared.

4. The parameter T is constant throughout the evapo-
ration chain. The model does not seem to be sensitive
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to this assumption. Monte Carlo calculations have been
carried out in which T was varied by several tenths Mev
with only a small effect on the angular distributions.

The following approximations have been made in
order to simplify the equation that predicts the angle
of the recoil nucleus in the laboratory system.

5. The distance traveled by the recoiling nucleus in
the laboratory system during the evaporation process is
negligible compared with the distance from the target
to the catcher foil. This approximation introduces no
measurable error in the calculation if the total time for
neutron evaporation is less than. about 10—' second.

6. The mass of the nucleus does not change during
the evaporation process. For Bi"', this introduces an
error of less than 1% in the angle of the recoil if not
more than 4 neutrons are evaporated,

7. The changes in momenta of the recoiling nuclei due
to loss of mass during the evaporation process are negligi-
ble. This allows the momentum of the recoil nucleus in
the system of the struck nucleus to be calculated without
taking into account the alteration of the system of the
recoiling nucleus by the loss of neutrons. The error in
the angle of the recoil nucleus due to this approximation
is less than 2% in the least f'avorable case, where the
errors add for the several neutrons.

%ithin the limits of the above approximations, the
relation giving the angle of the recoil nucleus in the labo-
ratory system for the case of three emitted neutrons is

tang = (1—cos'03) '/(cos03+ p,/p„),

where q is the angle of the recoil nucleus in the labora-
tory system with respect to the incident particle beam;
p, is the momentum of the incident particle; and p„ is
given by the expression

p = (2mEi+2nzE2+2rriE3+4nz(EiE2) ' cos0i

+2 (2mE3) *L2mEi+2ngE2

+4m(E~E~) '* cos0i) cos02) ', (2)

where 0~ is the angle between the momentum vectors of
the first and second neutrons in the system of the struck
nucleus; 82 is the angle between the resultant of the
first two neutrons and the momentum vector of the
third neutron; 8~ is the angle between the resultant of
all three neutrons and the direction of the incident
particle beam; E~, E2, and E3 are the kinetic energies
of the first, second, and third neutrons, respectively, in
the system of the recoiling nucleus; and m is the neutron
mass, taken as 1 amu. Energies were calculated in Mev,
and masses in amu.

Similarly, for the case of two emitted neutrons, we
have

tang= (1—cos'02)'/(cos02+ p,/p .),
where p is given by

p„=L2mEi+2mE2+4(rriE~) i(mE2) & cos0i]'. (4)

All quantities are as defined above, except that here 02

is the angle between the resultant of the two neutrons
and the direction of the incident particle beam.

In order to produce an isotropic neutron distribution,
the cosines of the above angles were selected randomly
in the range —l to 1.The neutron energies were selected
according to the following scheme:

First, neutrons were selected in a random fashion to
fit the distribution

This was done in the case of the first neutron by selecting
a neutron energy at random in the range from zero to
E~+Q& by multiplying E +Q& by a random number in
the range zero to one. $E, is the energy of the incident
particle (u) in the center-of-mass system, and Q& is the

Q value for the (a,e) reaction. ]The maximum possible
value of P(E) at the particular T selected was then
calculated from

P(E) .„=T/e. (6)
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FIG. 2. Flow diagram of Monte Carlo neutron energy selection
scheme for an (0.,3n) reaction. E is the energy of the incident
particle in the center-of-mass system. Q1, Q2, Q3, and Q4 are the
Q values for the (n,xn) reactions; E1&E~+Q&, L2&E~+Q2 —&1;
and E3(B +Q3—Z1—E2.

P(E),„was then multiplied by a random number in
the range zero to one. If the number thus obtained was
greater than P(E) for the neutron energy selected, this
neutron was rejected. The energy spectrum of neutrons
surviving this operation was that of Eq. (5).The energies
of subsequent neutrons were limited in the selection
process to the energy available at that stage of the
evaporation.

The next operation was the selection of neutrons from
the above spectrum that led to the reaction under in-
vestigation. As an example, let us consider a reaction in
which 3 neutrons are emitted. A Qow diagram of this
selection process is shown in Fig. 2.

All the above neutron selection operations, as well as
the recoil-angle calculations, were performed on an
IBM type 701 digital computer. One to ten thousand
cases of the reaction under investigation were tabulated
at each incident particle energy studied. The time re-
quired for the calculation varied from about 2 minutes
at the most favorable energies to several hours at
energies where most of the neutrons were used by com-
peting reactions.
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The following information was recorded for each
reaction:

1. The number of recoil events in 1-degree intervals
in the laboratory system, or the number of events in
intervals corresponding to the angular increments of
the catcher foil rings.

2. The above number modi6ed by solid-angle correc-
tions. (For comparison with experiments, the angular
distributions were always integrated over intervals cor-
responding to the range of angles subtended by the
rings cut from the catcher foils. )

3. The energies of the neutrons used in the calculation
of the recoil-angles, tabulated separately for the various
neutrons in order of emission as the number of neutrons
per 0.1-Mev interval. (See Fig. 3.)

4. The number and type of other reactions per
thousand cases of the reaction under investigation.

The relative frequency of occurrence of the various
competing reactions given by the Monte Carlo calcula-
tions was found to be quite sensitive to the value of the
parameter T. Although the angular distributions were
not much aGected by changes in this parameter, an
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eGort was made to use the value of T which gave the
best Gt to experimental cross-section data. " For the
system Bi"'+He', it was found that experimental values
of the ratio of the (n, 2n) and (n,3e) cross sections were
matched by the Monte Carlo results using T= 1.4 Mev
(Fig. 4). For the system Bi'"+H', however, no single
value of T yields cross-section ratios that are in agree-
ment with the experimental data, as may be seen in
Fig. 5. By cross-plotting, values of T that fit the experi-
mental data at various energies are obtained (Fig. 6).
For the reaction Bi'"(d,3e)Po"s values of T read from
this graph were used in the Monte Carlo calculations.
Calculations were also done based on the assumption of
a constant T of 1.75 Mev, and these gave angular dis-
tributions which agreed with those using values of T'

from Fig. 6 within the statistics of the thousand cases
tabulated.

target and the catcher foil. The deviation of the experi-
mental points in the range of 0, from a smooth
curve dropping to zero at 0,„ is, then, a measure of
the scattering. It was found that for target thicknesses
of 1 pg jcm' or less, scattering was negligible.

For the reaction Bi"'(n,3e)At'", the experimental
angular distributions and those resulting from the
Monte Carlo calculations were found to be in excellent
agreement, except for scattering in the region of 0, ,
over the entire range of incident particle energies in-
vestigated. Experimental and Monte Carlo results for
nearly identical incident particle energies are shown for

2.2—

1,8-

RESULTS AND CONCLUSIONS

The recoil angular distributions for the various re-
actions studied have the general shape shown for the
reaction Bils(n, 3e)At'" in Fig. 7. The angle 8, is the
maximum angle in the laboratory system to which the
recoil can be deQected by the emission of neutrons. All
recoils observed at angles greater than 0, therefore,
have been scattered by interaction with the target
material or with gas molecules in the space between the
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the (n,3n) reaction in Fig. 7. The half-width (width of
the angular distribution at half maximum, measured in
degrees) was taken as a measure of the shape of the
angular distribution for comparison of the experimental
and Monte Carlo results at the various energies in-
vestigated. The half-widths of the angular distributions
for the reaction Bi'"(n,3n) At"' are plotted as a function
of the energy available for neutron evaporation,
L',„+Qs (Fig. 8).

The probable error in the half-widths of the angular
distributions depends somewhat on the incident energy
and the particular reaction involved. In general, errors
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leaving the nucleus with about the same kinetic energy
distributions, as shown in Fig. 3. (The most probable
energy under these conditions is about T Mev. ) The
half-width then remains nearly constant with increasing
energy, the extra energy remaining as excitation energy
of the residual nucleus. When the excitation energy of
the residual nucleus begins to exceed the binding energy
of the next neutron, the (n, 4n) reaction begins to com-
pete. Under these conditions, the (rr, 3n) reaction is only
obtained from those events in which the neutrons have
higher than average energies. This causes the half-width
to increase again, and this increase will continue ad
infinitum, or until another mechanism takes over.

A plot of half-width versus energy for the reaction
Bi"'(n,4n)At'" is shown in Fig. 9. Both experimental
and Monte Carlo points are included. The experimental
data do not cover a very wide range of incident particle
energies. This reaction could not be studied at lower
energies because the presence of large amounts of At"'
alpha activity produced by the (a,2n) reaction made the
At'" alpha particles difficult to detect. The highest

FIG. 7. Monte Carlo and experimental recoil angular distribu-
tions for the reaction Bi~'(n,3g)At'~. Standard deviations are
shown. The solid curve is drawn through the experimental points
(Ee~+Q=9.7 Mev for the experiment and 10.0 Mev for the
Monte Carlo calculations); (0.88 pg/cm' Bi"').

are less than ~~ degree for the experiments and less
than ~1 degree for the Monte Carlo calculations.

The general features of the curve shown in Fig. 8 are
readily explainable on the basis of the model assumed in
the Monte Carlo calculations. At the threshold of the
reaction, no kinetic energy is available for the outgoing
neutrons, so that the neutrons can give no momentum
to the recoiling nucleus. Therefore, all recoils must be
found a4 zero degrees due to the forward momentum of
the incident particle. As the incident particle energy is
increased, the neutrons start contributing momentum to
the nuclear recoil, and the half-width increases, rapidly
at erst, then more slowly, until all the neutrons are
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energy studied was determined by the maximum energy
of the cyclotron. As may be seen from Fig. 9, the angular
distributions for this reaction are consistent with the
isotropic evaporation model over the range of energies
that were studied.

Because of the relatively long half-life of Po"', in the
study of the recoil angular distribution of the reaction
Bi'"(d 3zz)Po"' it was desirable to use somewhat thicker
targets than were used in the helium ion bombardments.
For this reason, and because of the lower momentum of
the incident deuterons, it was suspected that scattering
was more extensive than in the case of the helium-ion-
induced reactions. In Fig. 10, the half-width of the recoil
angular distribution of the (d,3zz) reaction is shown as a
function of target thickness. All these measurements
were made at an incident deuteron energy of 23.5 Mev.
At target thicknesses of about 6 zzg/cm' bismuth or less,
the half-width is well within the limits of error (experi-
mental &-', degree, Monte Carlo &1degree) of that

Z 20
0
I-
lQ

16
d)
a

12
~ tU

~ fL'

~Q
Z~

~ EXPERIMENTAL

MON TE CARLO
C ALCUL ATION S:
VARI ABLE T (FIG.10)

& T=&.7S Mev

I
LL

z 0
0 4 6 8

EdcM+Q, IN Mev

10 &2

FIG. 12. Angular distribution half-width as a function of
R~ +Q for the reaction Bi"'(d,3N)Po"N.

for an in6nitely thin target. Consequently, targets of
about 6 pg/cms were used in the angular distribution
studies of the (d,3zz) reaction.

In Fig. 11 are shown experimental and Monte Carlo
angular distributions for the (d,3&z) reaction at the same
incident particle energies. Figure 12 shows the variation
of half-width with energy for the experiments and
Monte Carlo calculations for this reaction. The Monte
Carlo calculations are in agreement with the experi-
mental data within the limits of error. It may therefore
be concluded that the (d,3zz) reaction, like the (tr, 3zz)
and (u, 4N) reactions, proceeds by a compound nucleus
isotropic evaporation mechanism. Apparently the fact
that the deuteron is a loosely bound particle of relatively
large radius does not always. prevent its capture as an
entity by the nucleus.

It is interesting that these three reactions appear to
be explained by an isotropic evaporation model. As has
been pointed out by Thomas, "Wolfenstein, "and Hauser
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and Feshbach, "it can be shown that particle emission
from a compound nucleus will be isotropic if the level
densities for both the compound and the residual nucleus
are sufficiently high, and have a 2J+1 spin dependence
over the range of possible J values. Calculations by
Bloch" based on the individual particle model indicate
that this dependence is not found at excitation energies
less than about 12 Mev. In the reactions studied in this
work, excitation energies much less than this were com-
mon. At bombarding energies near the Q, the residual
nucleus must be left in or near the ground state. How-
ever, it is quite possible that the necessary conditions
for isotropy are much less stringent than the sufhcient
conditions described above.

Excitation functions for the reactions Bi"g(cr,3N) and
Bi"g(d,3N) were measured by Kelly and Segre." The
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FIG. 11. Monte Carlo and experimental angular distributions for
the reaction Bi~'(d,3n}Po"' (Ey +Q = 11.7 Mev}.
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cross sections show the characteristic shape which is
expected for compound nucleus reactions. However,
cross-section measurements only yield information
about the energy spectra of the emitted particles, and
agreement with values calculated from evaporation
theory should not be interpreted to mean that the parti-
cle emission is isotropic. Bell and Skarsgard" and
Jackson" studied the reactions Bi"'(P,xrt)Po"~', and
found agreement (for x&3) with a simple evaporation
theory using an energy-independent nuclear tempera-
ture. At incident particle energies well above the com-
pound nucleus resonance, there was a small residual
cross section attributed to direct interaction processes.

The angular distribution of neutrons with energies
above 1 Mev from the bombardment of a thick bismuth
target with 15-Mev deuterons and 30-Mev helium ions
was measured by Allen et al." After correction by
Cohen, "the distribution was almost isotropic from the
helium ion bombardment, but strongly peaked in the
forward direction from the deuteron bombardment. The
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bombarding energies were too low for the reactions
studied in the present paper to be contributors to the
neutron yield.

Toms and Stephens" found that about 90% of the
photoneutrons obtained from the bombardment of lead
with 23-Mev bremsstrahlung 6tted an evaporation
spectrum with 7=1.35 Mev. The angular distribution
of neutrons with energies above 4 Mev was almost
isotropic. Price," however, found that only the low-
energy (0—few kev) neutrons from the bombardment of
bismuth with 22™Mevbremsstrahlung were isotropic.

Gugelot" measured the energy spectra of neutrons
arising from the bombardment of gold and thallium
with 16-Mev protons. The spectra could be fitted to the
equation P(E) ~Ee atr with T=0.77 Mev (gold) or
0.71 Mev (thallium).

All these experiments suggest that, in a variety of
nuclear reactions, neutron emission from heavy nuclei
is predominantly due to an evaporation mechanism.
The present experiment confirms these observations by
a new method.
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Angular distributions and ranges of recoils from the reactions Bi'In(a, 2n)At"' and Cm"'(a, 2n)Cf" have
been measured. At helium ion energies higher than about 10 Mev above the Q values of these reactions, the
results are consistent with a reaction mechanism involving the emission of one or both neutrons in the
forward hemisphere.

INTRODUCTION

«~URING the course of investigations of the type
reported in the preceding paper (Paper I), several

reactions were found which gave recoil angular distribu-
tions markedly diGerent from those predicted by the
isotropic evaporation model. Two of these reactions, the
reactions Bi"'(n 2n) At"' and Cm"'(cr, 2tt) Cf'" have
been studied in some detail in an eGort to define the
reaction mechanisms.

Recoil angular distributions alone were not sufhcient
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to determine unambiguously the mechanisms. The
Bi"'(ct,2N) reaction gave angular distributions of the
At"' product which, at the higher bombarding energies,
were much narrower than those given by Monte Carlo
calculations based on a simple evaporation model. (See
Paper I for discussion of the Monte Carlo calculations);
on the other hand, the Cm'~(cr, 2rt)Cf" angular distri-
butions were substantially broader than those of the
At"'. In order to gain further insight into the dynamics
of these reactions, ranges of the recoiling product nuclei
were measured. These ranges, when interpreted by
means of range-energy relations, define the momentum
of the recoiling nucleus along the beam axis; and hence,
since the incident particle energy is known, the total
momentum of the outgoing neutrons along the beam
axis. This additional information allows one to investi-
gate possible mecharusms in more detail,


