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Literature on the use of the blocking effect to measure nuclear reaction times is reviewed. The physical na-
ture of the orientational effects which arise as charged particles move through a crystal is analyzed. There

is a brief review of the theory of the blocking effect and of the basic principles of measuring the nuclear life-
times in the range T < 1015 sec, The various types of experiments which have been carried out and the var-
jous methods which have been used to extract lifetimes from the experimental data are discussed. There is a
summary of the results found in measurements of lifetimes of compound nuclei in inelastic scattering of pro-
tons, in (p, «) reactions, and in the fission of heavy nuclei by neutrons, protons, and heavy ions. The experi-
mental results are compared with results calculated on the basis of the statistical model of the compound nu-

cleus.

INTRODUCTION

A remarkable feature of nuclear reactions is that the char-
acteristic times involved span the entire range of time
intervals which can be determined physically., The half-
lives of heavy nuclei with respect to spontaneous fission
(10%-10%" yr) are known to exceed the ages of all known
astronomical objects; at the other end of the time scale,
certain nuclear reactions occur within the shortest time
interval which arises in physics: tpin ~ 1074 sec, deter-
mined from the ratio tyin = Tpin/ ¢, Where rpyip is the
size of the nucleon and c is the speed of light. The char-
acteristic time for a nuclear reaction is usually governed
by the mean lifetime T of the corresponding unstable nu-
clear system. This time refers to characteristics of nu-
clear states which are not quantized, so it is particularly
sensitive to structural details; although essentially no use
has yet been made of this high sensitivity, it will undoubt-
edly increase in importance as our understanding of nu-
clear phenomena improves.

Except for such slow nuclear reactions as radioac-
tive decay, the study of the lifetimes of nuclear states has
always been and still is accompanied by the invention of
special methods for measuring even shorter time inter-
vals, This increasing sophistication of experimental tech-
niques allows experimenters to continually extend their
study to higher-lying nuclear excitations.

At present, essentially the entire range of excited
states below the threshold for nucleon emission has been
studied, In this range the excitation decays through an
electromagnetic transition, for which the characteristic
time is ~107°-10-1% sec. A great variety of experimental
methods have been developed for this time range; the
most common are based on the use of delayed coinci-
dence, the Doppler effect, Coulomb excitation of nuclei,
and resonance scattering of y's. Through the use of
these and other methods experimentalists have now ac-
cumulated a huge store of information on T values; this
information has been used primarily to develop and refine
various nuclear models.

The situation is entirely different in the range of ex-
citations having energies above the energy for nuclear
dissociation. Here the probability for the decay of a state
increases sharply because nucleon channels become avail-
able, decay of a state increases sharply because nucleon
channels become available and the lifetime of the state
drops accordingly. This situation is characteristic for
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nuclear reactions induced by nucleons, The lifetime of

the compound system formed by the incident particle and
the target nucleus is governed by the structure of the com-
pound nucleus and the reaction mechanism; at present this
lifetime cannot be predicted theoretically. There are cer-
tain limiting cases, however, in which the characteristic
times for nuclear reactions can be estimated: in direct
reactions, for which the characteristic times are on the
order of 10722-10~% sec, and in reactions in which a com-
pound nucleus forms in 10~15-10-2° sec, as a result of the
energy distribution among a large number of nucleons.
Until recently no direct methods were available for mea-
suring time intervals in this range, i.e., no methods were
available which were based on a comparison of the nuclear
reaction time with the characteristic time of some other,
sufficiently well understood physical process. The prob-
lem of finding such a method has been extremely compli-
cated, and the solution of this problem has only just begun.
The method reviewed below represents an important step
in this solution. Before we turn to this method, however,
we will review certain questions which arise in the use of
indirect methods to determine 7 which are based on mea-
surement of the widths I' of nuclear states.

The value of I' can be determined most naturally for
isolated resonance reactions. Here the widths are deter-
mined either by direct measurement involving excitation
functions or by measuring the yields of the corresponding
resonance reactions. Unfortunately, this possibility is
only open for an extremely narrow range of nuclear-exci-
tation energies, slightly above the dissociation threshold,
At higher excitation energies of the compound nucleus the
level spacing D becomes comparable to the width I" be-
cause of increases in both the level density and level
width. Here it is essentially impossible to observe res-
onances corresponding to individual levels, so it is es-
sentially impossible to determine the level widths directly.
At higher excitation energies, however, at which the levels
of the compound nucleus overlap significantly, an indi-
rect method based on study of the fluctuations in the effec-
tive cross sections for nuclear reactions can be used to
measure widths., Because of the strong interest in this
method, we will discuss its physical nature and the out-
look for its use. The fluctuation method was developed by
Ericson'™ for the case I' > D,

The idea behind this method can be outlined in the fol-
lowing manner: We assume that a compound nucleus forms
through an interaction of a monoenergetic particle beam
of energy E, with the target nucleus. Then for I > D we
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find the simultaneous excitation of many states lying in an
energy range on the order of T', where I is the level width
averaged over some range of excitation energies. The
reaction amplitude is the sum of the amplitudes corre-
sponding to the various excited states, If there is a suf-
ficient number of these states, we can assume the phases
of the various levels to be mutually independent and capa-
ble of taking on all possible values. By statistically com-
bining the amplitudes we can then find any reaction cross
section, down to a vanishing cross section, When the en-
ergy of the incident particles is changed by an amount

0Eg > T, a different set of levels is excited. Now the com-
plete set of phase shifts is different, statistically indepen-
dent of the previous set, so the cross section assumes a
completely different value, If the energy values differ by
0E, < T, it is largely the same group of levels which are
excited, The appreciable correlation between the sets of
phase shift smoothes the cross section,

Accordingly, by exploiting the continuity of the cross
section as a function of the energy, using correlationanal-
ysis to analyze this eross section, we can extract the val-
ue of T', which in this case has the meaning of a coherence
interval.® In the Ericson fluctuation theory this quantity
is called the "coherence width." It is important to note
that where the levels overlap significantly, the quantity T'
is not the level width in the Breit—Wigner sense, but in—
stead represents a mean nuclear lifetime 7 for the given
excitation energy.’

Several factors tend to reduce the fluctuations, and
some of them set a limit on the applicability of this meth-
od for measuring the lifetimes of compound nuclei. One
factor is the presence of a direct~interaction mechanism
in the reaction being studied: The greater the contribu-
tion of the direct mechanism to the reaction amplitude,
the weaker the fluctuation in the cross section., Any aver-
aging or summation of amplitudes for cross sections tends
to reduce the fluctuations. This reduction is observed,
e,g., when the cross section is found by summing over
different orientations of the spins and orbital angular mo-
menta of the nuclei involved in the reaction or when the
nuclear excitation energy becomes so high that too many
overlapping states are involved. An increase in the num-
ber of final states corresponding to the cross section
being measured has the same effect. Accordingly, we
say that reactions forming a definite level in the product
nucleus have a much higher fluctuation amplitude than
those for which the measured cross sections are inte-
grated over angular or energy ranges. Finally, Ericson
fluctuations are very sensitive to an increase in the en-
ergy spread in the incident beam, If this spread, AE,,
exceeds f‘, the fluctuation range falls off by a factor of
~VAEyT. since the minimum energy spread in the inci-
dent beam may be on the order of ~1 keV, we find under
the condition AE, « I' that the lower limit on the measur-
able coherence width is about 10 keV. Adopting the nu-
clear-excitation range of 15-25 MeV as the most conve-
nient experimentally, we find that the value I' ~ 10 keV
limits the applicability of this method to compound nuclei
having mass numbers A = 40.

Many experimental studies of cross-section fluctua-
tions for these nuclei have been reported (see, e.g., the
bibliography in ref, 5), The measured lifetimes have
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turned out to lie in the range 5.10~2°-5.10"?! see, Tran-
sition to the range A > 40 without a significant reduction of
the energy spread in the incident beam violates the condi-
tion AE,« I' and thus complicates the determination of T.
In recent years, however, attempts have been made to ex-
tend the fluctuation method to the range of slightly heavier
nuclei having much smaller coherence widths for this ex-
citation-energy range, Here the condition AE, > T is satis-
fied, It turns out that if we incorporate in the correlation
functions certain corrections taking into account fluctua—
tion damping’ we can, inprinciple, evaluate T' for nuclei in
the range A €100, This is an interesting possibility since
it extends the range of measurable times® to 5+ 10~!% sec,
but the results found under these conditions suffer from
very large statistical errors, which increase with in-
creasing A,

While acknowledging the importance of measurements
of nuclear reaction times through an analysis of cross-
section fluctuations, we must note that there are funda-
mental difficulties involved in interpreting the correspond-
ing results: To calculate the coherence width we must
use a specific form of the dependences of the scattering
amplitudes for the various levels on the energy, angular
momentum, etc., but these dependences are not known in
the range of overlapping levels. The approximations which
have been used are extremely arbitrary, It thus becomes
extremely desirable to compare the results found by this
indirect method with the results found from more direct
measurements of 7. Since the method described below is
at present the only direct method available, this future
comparison will evidently be based on this method.

The method with which we are concerned here is that
based on theblocking effect, This effect refers to a num-
ber of so-called orientational effects which arise in the
interaction of fast charged particles with crystals. It is
closely related to another effect in the same category,
customarily called the channeling effect, These two ef-
fects involve two groups of particles moving in a crystal
under extremely different conditions: Channeling in-
volves particles whose trajectories lie in "voids" of the
crystal, while blocking involves particles moving in the
maximum-density parts of the crystal, The channeling
effect was the first discovered in a study of the depen-
dence of the range of charged particles in a crystal on
the orientation of the crystal with respect to the incident
beam,’

It was found that many of the particles moving along
the main crystallographic axes have unusually long ranges.
Further study showed the range increase to be one aspect
of the overall behavior observed as particles are incident
at a small angle on an ordered array of nuclei, The par-
ticles are reflected from the array as a whole and may
retain their longitudinal motion for a long time, remain-
ing relatively far from regions dense in nuclear matter,

This particle motion, described in detail inthe classi-
cal study by Lindhard,!® has several consequences, First,
the specific energy loss due to electron collisions which
is suffered by particles moving under channeling condi-
tions should be quite low, since the electron density near
the channel axis is much lower than the average electron
density in the medium. Second, the probability for nuclear
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reactions involving these particles is low, since the chan-
neled particles move in trajectories far from the nuclei.
Channeling has been detected in the motion of particles
along crystal planes as well as along axes. Significantly,
for hoth axial and planar channeling the requirement that
the angle between the crystallographic direction and the
particle trajectorybe small means that the effect can be
observed in its relatively pure form only when particles
are injected into a crystal.

The situation is different if the particles come from
lattice sites in the crystal. In this case the charged par-
ticles emitted parallel to crystallographic axes and planes
are significantly scattered by the nearest nuclei, so their
trajectories deviate from the initial direction. According-
ly, the directions corresponding to the crystallographic
axes and the planes are blocked for these particles; be-
cause of the translational symmetry of the lattice, all
these directions are blocked, regardless of the positions
of the sites from which the particles are emitted,

Accordingly, the angular distributions of particles
escaping from the crystal display "dips," or regions of
sharply reduced intensity, whose nature is governed by
the crystal structure. The blocking effect was discovered
simultaneously and independently in two different types of
experiments. In one,o particles were emitted from Iat-
tice sites as a result of radioactive decay,!! while in the
other reaction products were emitted,’?~'* Reports!?»'® of
the observation of the blocking effect were accompanied
by discussions of the possible uses of this effect to ex-
perimentally determine nuclear reaction times. The idea
behind this method can be described as follows: A study
is made of a nuclear reaction in a crystal. During the
reaction, a compound nucleus is moved from its lattice
site by the momentum of the incident particle. When a
particle—a reaction product—is emitted, the compound
nucleus lies on the average at a distance of s = vr from
its lattice site, where v is the velocity of the compound
system and 7 is its mean lifetime, The displacement of
the source from the site affects the shape of the dip in
the angular distribution of reaction products; the most
important component of this recoil distance is obviously
that normal to the crystallographic axis or plane (Fig., 1).

We can immediately draw some very general conclu-
sions about the range of compound-nucleus lifetime mea-
surable by this method. We start from the fact that the
recoil of the compound nucleus from the lattice site sig-
nificantly affects the dip shape only if the normal compo-
nent of this recoil is comparable to the distance over
which the atomic-electron field sereening the nucleus be-
gins to become important, We thus find 5-107"% em <
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Fig. 1. Recoil of a compound nuclear system from a lattice site caused by
momentum transfer from an incident particle.
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Fig, 2. Lifetime range of excited compound nuclei measurable by the
blocking effect during bombardment of germanium and uranium nuclei
by charged particles.

vi7 € 1078 em, where the upper limit is governed by the
lattice constant. We see that the range of times measur-
able depends strongly on the velocity acquired by the com-
pound nucleus, i.e., ultimately, on the energy of the par-
ticles in the primary beam and on the masses of the nu-
clei involved, Figure 2 shows the calculated range of
measurable T values for the compound nuclei produced
from a nucleus of medium mass ("2Ge is adopted here as
an example) and from a heavy nucleus (2%U) when these
nuclei are bombarded by various accelerated charged par-
ticles. The energy of the incident particles is assumed
equal to the Coulomb fusion barrier. We see that in prin-
ciple this method can be used to measure lifetimes in the
range 10715-10-18 sec, a range of much interest in the
physics of nuclear reactions, Furthermore, as we will
see from the discussion below, the outlook is promising
for extension of the blocking method to even smaller val-
ues of 7. Taking into account the tendency mentioned
above for an increase in the upper limit on times mea-
surable by the fluctuation method, we see that it will be-
come possible to compare the results obtained by the two
methods. )

To conclude this introduction we note that it was men-
tioned above that the initial step in the development of this
new method for measuring T was the experimental discov-
ery of the blocking effect, However, it turned out that a
group of physicists at an Australian university came very
close to developing this new method several years ear-
lier. Unfortunately, the preliminary experiments carried
out by this group were unsuccessful, and the study was not
pursued.

THE BLOCKING EFFECT AND SOME
ASSOCIATED BEHAVIOR

Here we are concerned with those aspects of the phys-
ics of the blocking effect which are pertinent to a deter-
mination of 7. In general, of course, the interaction of
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particles with a crystal must be analyzed by the methods
of quantum mechanics, This approach has been used!5,16
to describe orientational effects; it was found that under
certain conditions purely quantum effects should be taken
into account, but in essentially all cases of interest in
connection with our method of determining 7 the blocking
effect can be described on the basis of classical ideas.

The classical approach simplifies the analysis of the
formation of the blocking pattern, in particular, because
in the classical approach the formation of the pattern ob-
served experimentally can be divided into two successive
steps.

The first step is the formation of that pattern which
is conveniently called the "primary pattern," i.e., that
minimum which would be found in the angular distribution
of particles emitted from lattice sites if the distribution
were recorded immediately after the particles escaped
the axes or planes from which they were emitted, Inother
words, the primary pattern is that produced by a single
axis or a single plane.

Since in an actual experiment particles are emitted
from sites which are generally at some depth in the in-
terior of a crystal, there is an unavoidable second step;
the change in the primary pattern due to interactions of
the emitted particles with other axes or planes, These
interactions, which continue until the particles escape
from the crystal, convert the primary pattern into that
which is detected experimentally.

This division of the effect into two steps of course
brings us little closer to a systematic solution of the prob-
lem of finding a theoretical description of the pattern
shape and of the effect on this shape of the displacement
of the compound nucleus from the lattice site. At present
there is no satisfactory theory for either step. On the
other hand, this division does allow us to use various
highly simplified models. We turn now to a slightly more
detailed discussion of the formation of the primary pat-
tern, first an axial pattern and then a planar one,

It is convenient to adopt the following model in anal-
ysis of the primary axial pattern: There is an infinitely
long chain with vibrating atoms, The deviations of these
atoms from their equilibrium positions are described by
some distribution, e.g., Gaussian, The vibrations are
assumed isotropic and uncorrelated. The vibration am-
plitude is related to the temperature; this is done most
easily by using the Debye model, Charged particles are
emitted from nuclei of this chain in some primary angu-
lar distribution with respect to the chain axis. In certain
cases this distribution can be assumed isotropic.

The interaction of the particles with the individual
atoms of the chain is described by the Thomas— Fermi
potential, which is frequently approximated by the famil-
jar Moliere equation!” or Lindhard equation.! Under these
assumptions the blocking pattern observed at a small an-
gle with respect to the chain axis will obviously be axially
symmetric, having a minimum at the axis and an annular
"shoulder" lying at some angle with respect to the axis.
Despite the simplicity of this picture, no analytic expres-
sion has yet been bbtained for the shape of the primary
axial pattern, On the other hand, much information has
been obtained from Monte Carlo computer calculations of
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the shapes of such patterns (see, e.g., ref. 18), These
results furnish a basis not only for studying the depen-
dences of the pattern shape on various parameters (the
charge of the chain nuclei, that of the emitted particles,
the particle energy, the amplitude of the atomic vibra-
tions, and the spacing of atoms in the chain,but also for
checking the accuracy of analytic calculations.

A few attempts have been made to obtain analytic ex-
pressions; although they do not describe the entire angu-
lar distribution, they do allow calculations of certain pat-
tern parameters. Two parameters turn out to be the most
useful: the ratio y of the particle intensity at the center
of the dip to that far from the dip, and the dip width, e.g.,
at the half-maximum level. The width is frequently char-
acterized by the angle 3, half the total width,

The first analytic evaluation? of the angle # for a
vibrating chain was based on the following assumptions:
The chain atoms are a set of independent three-dimen-
sional classical oscillators in oscillation with an ampli-
tude u. The interaction of a particle emitted from a site
with the chain atoms is described by the familiar Bohr
potential

V= (Z,Z.e%/r) exp (—r/a),

where Ze and Z,e are the charges of the emitted parti-
cle and the scattering nuclei, respectively, and a is the
screening parameter. As the particles move within the
cylindrieal region of radius u around the chain, they un-
dergo ordinary multiple scattering; outside this region
they are acted on by the decaying average field of the
chain atoms, These assumptions lead to

) APV

where b = Z,Z,e?/ E, [ is the distance between neighboring
atoms in the chain, Ky(x) is the modified Hankel function,
and E is the energy of the moving particle.

Despite the crude assumptions used in the deviation
of Eq. (1), further study showed that this equation gives a
qualitatively correct dependence of ¥ on various factors,
in particular, the temperature.!4 A completely different
approach was used in refs. 10 and 19 to determine the dip
parameters. This approach is based on the "string" po-
tential found by averaging the potential of a rigid discrete
chain along its axis; the string potential is

U (r) =(Z:Zy*/1) In [(Calr)®4-1]. (2)

This potential is quite reliable for describing channeling
effects, since the discrete nature of the actual chains is
largely suppressed as the particles move near the chan-
nel axis. Analytically, this potential represents an im-
portant simplification, since it reduces the problem es-
sentially to the solution of a purely potential problem. In
this problem the complicated particle trajectory is char-
acterized by the single variable E,, the total energy as-
sociated with the transverse motion:

E| = U () + Eg?, (3)

where ¢ is the instantaneous angle between the particle
trajectory and the chain axis,
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Fig. 3. Calculated angular width of the dip for the <100> axis of a silicon
crystal. 1, 2) Dip width obtained from the equations of ref. 12 for vibrat-
ing (T = 300°K) and rigid chains, respectively; 3, 4) width obtained by the
method of refs, 10 and 19 for the same conditions; 5, 6) results calculated by
the Monte Carlo method for the same conditions.

This potential approach is not as valid for analyzing
the blocking effect, since in this case the particles move
in the immediate vicinity of the chain axis, so the longitu-
dinal averaging introduces important distortion. In parti-
cular, from the form of potential (2) we conclude that the
dip width should be infinite. However, this result is
found only for a rigid chain; when we take atomic vibra-
tion into account, the dip parameters become finite. An
explicit analytic expression for the parameter ¢ cannot be
found in this case, but corresponding integral relations
hvae been found and evaluated by computer. The problem
is formulated as follows: The chain is described by a
string potential, the emitting atom is a distance /2 from
the end of the chain, and its radial displacement is de-
scribed by a Gaussian distribution. The curves calculated
in this manner turn out to also give a qualitatively cor-
rect description of the dependences of the dip parameters
on various factors. When a model with damped vibration
is used, the angle ¥ is found to be given by the simple an-
alytic expression

b = Cipyo (4)

where ¥; = ¥2b/l is the critical channeling angle, and C is
a coefficient whose numerical value lies in the range 1.5-2.

The widths calculated for axial patterns by these two
methods were compared with data found by the Monte Carlo
method. Figure 3 shows results obtained for the silicon
{110) axis; curves 1, 2, 4, 5 and point 6 are from ref. 20,
while curve 3 is from ref. 19. We see that both methods
correctly predict the overall behavior of the width as a
function of the energy.

As was mentioned above, an extremely important pa-
rameter of the dip is the quantityy; however, this param-
eter obviously vanishes for the primary pattern produced
by a single infinite chain,

Only the average-potential method has been used to
describe the primary chain in the planar case; the poten-
tial for a single plane was found in ref. 10. On the basis
of the same assumptions used to derive the string poten-
tial this potential was found to be

Y (y) = 20ZZoN 1y |52+ C%®) =y, (5)
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where NI, is the average number of atoms per unit area
of the plane, and y is the coordinate normal for the plane.

The dip shape was calculated numerically in ref. 19
for this potential; as in the previous case, vibration of
only the emitting atom was taken into account. Compari-
son of these results with the Monte Carlo results reveals
a qualitative agreement for the shape, but generally no
quantitative agreement. No analytic expression has yet
been found for the shape of the primary patterns for adis-
crete plane,

We return now to the second step in the pattern for-
mation, As was mentioned above, the particles forming
the primary pattern interact with the crystal as they move
toward the crystal surface. The nature of this interac-
tion differs for particles leaving their chains at different
angles, If these angles are significantly greater than ¥,
the particles move through the crystal as if it were an
amorphous medium, and they undergo ordinary multiple
scattering. At angles much lower than {, particles are
captured into the channeling mode. No clear angular
boundary can be drawn between these modes; there is a
certain intermediate range — "partial channeling" — cor-
responding to angles approximately equal to . Particles
moving at these angles can easily convert from random
motion to channeling and vice versa.

An important consideration for the usual method for
determining the nuclear lifetime is the relative number
of particles which are captured into channeling, since the
recoil of compound nueclei from lattice sites affects this
quantity. Let us consider in slightly more detail the be-
havior of particles captured into channeling, From the
physics of channeling we know that the trajectories of
these particles oscillate, If the particles are emitted
from sites at a depth L in a crystal which is comparable
to the oscillation wavelength A, the nature of the angular
distribution of these particles after they have escaped
from the crystal surface obviously depends on L, Monte
Carlo studies (see, e.g., ref. 21) have shown that this de-
pendence vanishes for L = (2-3)A in the case of axial pat-
terns and for L =~ (5-6)A in the case of planar patterns.
This difference seems natural, since the wavelength A has
a more definite physical meaning in the case of planes.
The value of A has been estimated to be 200-400 A, so in
an actual experiment the depths for which the channeled
particles retain definite phase relations are not important,
More important is the range of crystal thicknesses char-
acterized by the "statistical equilibrium" introduced in
ref, 10. Under these conditions there is a complete phase
mixing of trajectories, although the value of E, is con-
served for each trajectory. Ina real crystal, the situa-
tion differs because of dechanneling, but for a depth range
of the particles in the crystal the dechanneling is negligi-
ble, and the conclusions reached unter the assumption of
statistical equilibrium can still be used. In particular,
using this assumption one can calculate the relative num-
ber of channeled particles which leave the crystal precise-
ly along an axial direction, i.e., the contribution to y from
each given category of particles. For a rigid string po-
tential and a vibrating emitter such an estimate yields

%1 = Ninp?, (6)

where p? is the mean square vibration amplitude of the
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emitting atom with respect to the chain axis.

For various values of the parameters which appear
in Eq. (6), we find ¥, to be on the order of 1%. This result
obviously does not represent the total value of y, There
is a certain probability that particles corresponding to
large primary-pattern angles move along the correspond-
ing axes as a result of multiple scattering by surface
atoms. For this scattering to occur, the multiple-scat-
tering angle must be larger than 3;; this condition cor-
responds to an impact parameter <a. The contribution
to ¥ from particles in random motion is thus

%2 = Nina®. (M

It is easy to show that y, and y; are on the same or-
der of magnitude.

The average dip width obviously changes little as a
result of these secondary processes; the dip width is gov-
erned primarily by multiple scattering of particles cor-
responding fo angles of approximately § in the primary
pattern. However, in the crystal-thickness range for
which the concept of statistieal equilibrium is valid, the
average multiple-scattering angle turns out to be much
smaller than 3;; hence for crystal thickness corresponding
to statistical equilibrium, the ¥ values are the same for
the resultant and primary patterns, while the y values
turn out to be quite different.

The arguments used for planar patterns are com-
pletely analogous, although the quantity y is of course
evaluated differently,

An interesting attempt has been undertaken?! to ob-
tain simple expressions for the parameters 3 and y char-
acterizing the resultant axial and planar patterns through
an approximation of the Monte Carlo data., This calcula-
tion is carried out under the assumption of statistical
equilibrium; energy loss of the particles is neglected.

These results can thus be compared with experiment
if relatively thin crystals are used (or if a thick crystal
is used, and a narrow region is singled out near the upper
limit of the energy spectrum). Under these conditions we
find ¥ for an axial pattern to be

V= K (U (mU)/ET, (8)

where K and m are constants (K = 0.83 and m = 1,2), u, is
the amplitude of the thermal vibrations, and u(x) is the
string potential. For a planar shadow the value of ¢ is

p = K{IY (mU,)) + Y (I — mU,) — 2Y (U2)//E}s, (9)

where K = 0.76 and m = 1.6. The empirical equations (8)
and (9) agree within 3-5% with the Monte Carlo results.

With a further increase in the erystal thickness the
particles in random motion undergo pronounced multiple
scattering, so some of them move into the small-angle
range. The width decreases significantly as a result,
while y increases. Essentially no study has been made
of how these conditions affect the possibility of measur-
ing 7.
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SOME METHODOLOGICAL QUESTIONS
INVOLVED IN DETERMINING THE
LIFETIMES OF COMPOUND NUCLEI BY
MEANS OF THE BLOCKING EFFECT

The discussion in the preceding section shows that at
present we lack a systematic theory for analyzing the ef-
fect of the source displacement on the pattern shape. It
is therefore not surprising that the efforts to develop this
new method have focused on an empirical study of its fea-
sibility. At present more than 20 studies testing the fea-
sibility of this method have been reported,?2~% half of
which were reported in the last two years.

Turning to an analysis of the various aspects of ex-
perimentally determining the lifetime of compound nuclei
on the basis of the blocking effect, we note first that since
this is a direct method it is applicable atarbitrary excita-
tion energies, both for isolated levels with I'<«< D and in
the case ' ~D or I > D, i.e., in the case in which there
is a significant level overlap. The studies which have
been reported span all the excitation-energy ranges; dis-
regarding the order in which these studies were carried
out, we single out as particularly important those experi-
ments in which the lifetimes of isolated resonances have
been measured.’4,40

The importance of these experiments at this initial
stage of the development of this new method lies in the
circumstance that these experiments represent the only
possible way to test this method by comparison with re-
sults found from resonance widths measured directly or
calculated on the basis of the yields of the corresponding
resonance reactions. We can apparently now conclude
that the new method has survived this test: Lifetimes ap-
proximately equal to those expected on the basis of the
resonance widths have been obtained for two resonance
reactions, in one case by two groups of investigators work-
ing independently. In the future, measurement of the life-
times of isolated levels with known widths may be used
for an absolute calibration of the widths found by this new
method; this possibility is particularly important in the
absence of a systematic theory, These measurements
may also be used to study the applicability limits of the
method at small and large values of 7.

Turning to the question of how the recoil of the com-
pound nucleus from its lattice site affects the pattern
shape, we consider the pattern detected over a broad an-
gular range by means of, e.g., a nuclear emulsion. Fig-
ure 4 shows a typical pattern, obtained in the scattering
of 0.5-MeV protons by a tungsten crystal. We clearly see
the dips corresponding to various crystallographic axes
and planes. In general, the angular width and the depth of
a dip fall off with increasing index of the corresponding
crystallographic axis or plane, but the relative depth of a
low-index axial dips is generally much larger than that
corresponding to a low-index planar dip. Figure 4 also
shows that in addition to the axial and planar dips in the
pattern there is a characteristic region near an axial dip
in which axial and planar dips partially overlap.

It has been established experimentally that all three
of these blocking-pattern features are sensitive to the dis-
placement from the lattice sites of the particles which
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Fig. 4. Blocking pattern obtained in the elastic scattering of 0.5-MeV
protons by a tungsten crystal

eventually form the pattern. For the axial and planar dips
proper, the source displacement affects the dip depth most
and the angular width least. The effectof the displacement
is more pronounced in the axial dips, because they are
deeper than the planar dips; this circumstance probably
explains why most investigators prefer to work with axial
dips. However, it should be noted that in a study of planar
dips the experimental difficulties associated withthe small-
ness of the effect may be offset partially by the better
statistical accuracy, whichresults from the use of a large
detector aperture along the plane, The effect of the source
displacement on the depth of a dip corresponding to a crys-
tallographic axis or plane can be explained qualitatively in
a simple manner: Particles emitted froma pointatsome
normal distance from the axis or plane can move along

the given axis or plane and can thus cause more pro-
nounced dips.

It is not such a trivial matter to explainthe sensitivity
to source displacement of the region in which the axial
and planar dips partially overlap. Let us consider the
reason for the sensitivity of this element of the pattern
in the case in which the energy of the particles forming
the pattern is not too high, and the dip is formed primar-
ily as a result of scattering by the nucleus nearest the
source, In this case the axial pattern corresponds to
scattering by a nucleus separated from the source by a

Fig. 5. Diagram used to explain why the region in which axial and planar
dips overlap partially is sensitive to the displacement of the compound nu-
cleus from the lattice site.
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distance on the order of the lattice constant, In the planar
case, on the other hand, the first scattering occurs at a
point 30-50 times farther away (we are concerned here
with the formation of that part of the planar pattern in the
immediate vicinity of the axial dip). It follows that for a
given normal component of the source displacement the
axial dip undergoes a much larger spatial displacement
than the planar dip, so the two dips undergo a relative
displacement (Fig. 5). In turn, this relative displace- '
ment leads to a characteristic asymmetry in the particle
distribution in the region of partial overlap. This asym-
metry was first observed experimentally in the elastic
scattering of low-energy protons (0.2-0.5 MeV) by fungsten
nuclei, in which case the recoil of the source from the
lattice site can be though of as corresponding to Coulomb
scattering with a large impact parameter.? An analogous
effect was later found in a study of nuclear reactions: the
fission of tungsten nuclei by ?’Ne ions accelerated to 174
MeV (ref. 37) and the resonance reaction ®F(p, o) ¥0 with
a proton energy of 340 keV (ref. 38); in this case the
source displacement was related to the finite lifetime of
the compound nucleus,

We turn now to the question of extracting the displace-
ment of the compound nucleus from some element of the
blocking pattern. As was mentioned above, the pattern
observed experimentally is not the one initially formed,
e.g., in the first events in which the particles are scat-
tered by nearest nuclei; instead, this experimental pat-
tern is that produced from the primary pattern by the
various factors which operate as the particles move from
the interior of the crystal to its surface. Among such
factors we must take into account scattering by vibrating
atoms of the lattice, the effect of structural defects in
the interior of the crystal, the boundary effects which
operate as the particle leaves the crystal, and the amor-
phous structure in the surface layer. Displacement of the
compound nucleus from the lattice site is thus one of
many factors which are ultimately responsible for the pat-
tern shape. It may be helpful in the effort to single out
the "pure" effect of the displacement to compare corre-
sponding elements of two patterns: oneobtained under con-
ditions such that all these factors operate and the other
obtained under conditions such that all factors except the
displacement of the compound nucleus operate, This lat-
ter pattern thus becomes a reference point. It is crucial
for this comparison to have all the factors other than the
displacement of a compound nucleus equally effective in
the reference and working patterns.

There are various ways to produce this reference
pattern, The most versatile method would apparently be
to compare the dip from a crystallographic axis or plane
for which the normal component v, of the velocity of the
compound nucleus is nonvanishing (the working pattern)
with the dip from the same axis or plane but oriented with
respect to the incident particle beam in such a manner
that v, = 0 (the reference pattern). In the latier case, the
normal component of the average recoil displacement of
the compound nucleus also vanishes: s, =v;7=0, It
would be desirable to have the crystallographic axis (or
plane) make the same angle with the surface of the target
crystal in both cases, and it would be desirable to obtain
both patterns at equal exposure times. If these conditions
can be arranged, all the interior and surface effects, e.g.,
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multiple scattering of particles moving from the interior
of the crystal toward the surface, radiation defects, and
the state of the crystal surface, would affect the pattern
formation in the same manner in both cases.

The condition s, = v;7 = 0 which is to be met for the
reference pattern can also be reached if 7~ 0; this condi-
tion corresponds to observing the dip from a given axis
or plane for the products of a reaction which occurs much
faster than the reaction being studied. In this experiment
the two reactions must produce the same particles at the
same energies. For example, a reference pattern for
studying inelastic proton scattering could be formed by
exploiting the elastic scattering of protons having a suit-
ably lower energy.’»31:4! The condition 7 ~ 0 could also
be reached by measuring T at a much higher excitation
energy of the compound nucleus; this method for produc-
ing a reference pattern has been used to study proton-
induced fission of uranium nuclei.?” If the characteristic
time is measured for a resonance reaction in the im-
mediate vicinity of another, much wider resonance, this
latter resonance could be used to produce a reference
pattern,34

When the pattern element being studied is the region
of partial overlap of the axial and planar dips, the work-
ing and reference patterns correspond to two different
orientations of the target crystal with respect to the inci-
dent beam, In both cases the axis in question is normal
to the beam (the beam direction and this axis determine
the reaction plane).

In one case the crystallographic plane containing this
axis should be normal to the reaction plane (for the work-
ing pattern), and in the other case this plane should lie in
the reaction plane (for the reference pattern),24*’ In the
first case the displacement of a compound nucleus from
the lattice site (which occurs in the reaction plane) leads
to a spatial displacement of the axial pattern with respect
to the planar pattern, and there should be an asymmetric
distribution of the particle intensity on the different sides
of the planar dip. In the second case, on the other hand,
there is no relative displacement of the axial and planar
dips, so the pattern should be symmetric. Allthese meth-
ods for producing reference patterns have been used ex-
perimentally to measure the lifetimes of excited compound
nuclei,

After the working and reference patterns have been
produced, a parameter having different numerical values
in the two patterns must be selected so that the effect of

w
1oF
o5 Fig. 6. Reference pattern (solid curve)

: ay and working pattern (dashed curve) and
the corresponding values of the param-
eter ¥, the intensity at the minimum
of the angular distribution ( Ay is the

Aref observed effect of the displacement of

0 ;} . the compound nucleus),

8
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the displacement of the compound nucleus can be deter-
mined. The problem involved here is to find the pattern
parameter most sensitive to the displacement, for two
reasons; first, to obtain the maximum observable effect
for a given displacement, and second, to determine the
lower limit on the times measurable by this method.

No detailed study has yet been made of the question
of finding the parameter most sensitive to the displace-
ment. Some investigators have used the particle intensity
at the dip in the angular distribution, ¥y (Fig, 6). This
choice is apparently traceable to ref, 10, in which a reci-
pe was worked out under certain simplifying assumptions
for relating the observed change in ¥ to the displacement
of the source of charged particles from the lattice site,

It is customarily assumed that the various factors con-
tribute to x in an additive manner so that the displacement
effect can be found as the difference between the y values
for the working and reference patterns, Generally speak-
ing, this is not an obvious conclusion and it has not been
proved. We therefore assign considerable importance to
the experimental study of the influence of various factors
contributing to y on the absolute magnitude of the differ-
ence between the x values for the working and shadow pat-
terns, i.e., to the study of the influence of these factors
on the magnitude of the effect of the displacement.

It has been found that the difference Ay is extremely
stable with respect to large changes in such factors as
multiple scattering and lattice defects. This conclusion
follows, first, from the essentially constant value of Ay
for different depths of the working layer of the target.
These depths were chosen by recording various regions
of the reaction-product (fission-fragment) energy spec-
trum by placing retarding foils in front of a detector,
Second, the use of target crystals differing in degree of
perfection and having y values from 0.12 to 0.38 revealed
no appreciable change in Ay. Although these results are
encouraging, this study should be pursued.

An alternative to the experimental study of the sen-
sitivity of the displacement to various factors is to seek
parameters displaying the least sensitivity to these fac-
tors, through a theoretical analysis of particle motion in
a crystal on the basis of appropriate models. Interesting
results have been obtained very recently: It has been
found that in the case of the planar pattern one can con-
struct a combination of parameters of the working and
reference patterns which is essentially independent of
the depth of the working target layer, i.e., this combina~-
tion of parameters is essentially independent of multiple
scattering which occurs as the particles move toward the
crystal surface,”? This unusual invariant is the quantity
(1~ Xgrk)/(1 — Xexpt)-

A certain integral characteristic of the pattern has
been adopted in certain studies as a quantitative measure
of the displacement. Use of this characteristic involves
calculating the relative number of particles in a certain
angular range near a crystallographic axis®! or plane?
"ejected" as a result of Coulomb interactions with nuclei
in this axis or plane, The ratio of the values of this char-
acteristic for the working and reference shadows serves
as a quantitative measure of the displacement effect (Fig.
7.
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Fig, T. Reference (a) and working (b) patterns and the corresponding values
of the integral parameter M, proportionalto the number of particles "ejected "
as a result of Coulomb collisions with atoms of the crystallographic axis or
plane from a certain angular interval.

An extremely important aspect of this method, yet
one which has received very little study, is the conver-
sion from the observed effect to the average displace-
ment of the compound nucleus, Lacking a systematic
theory for the passage of charged particles through a
crystal which takes sufficient account of the various fac-
tors involved, essentially all investigators developing
analytic models for calculating this average displace-
ment on the basis of the observed effect have based their
arguments on Lindhard's study,!® which contains exteme-
ly important simplifications, For example, a cutoff ra-
dius r, for the potential of the atomic chain was intro-
duced in ref, 27. It was assumed that particles emitted
by the compound nucleus beyond r can move freely along
the corresponding crystallographic axis and make a defi-
nite contribution to x, given by x. If, on the other hand,
the source displacement, s, does not exceed rg, the effect
of this displacement on the observed particles intensity
at the center of the dip is given, by analogy with the effect
of thermal vibrations of the chain atoms, by x, = TNd(s?,
where N is the atomic density in the crystal, and d is the
spacing of atoms in the chain, The overall particle inten-
sity at the center of the dip due to displacement of a com~
pound nucleus undergoing exponential decay is

Ax =11+ Xa=exp[—re/(v17)]

e

+CnNd j stexp [ —s/(v 7)) ds/(v) T), (10)
[}

where the factor C ~2.5 is introduced to correct the
truncated-potential model used to approximate the poten-
tial of the atomic change.* The cutoff radius is chosen
equal to roughly three times the screening parameter of
the Thomas —Fermi atomic potential. This procedure ob-
viously involves some arbitrariness — a basic shortcom-
ing of this approach.

Another method for relating the displacement of the
compound nucleus to the intensity at the minimum of the
angular distribution near a crystallographic axis was pro-
posed by Melikov.®® In this method the problem of finding
the probability that a particle emitted from a displaced
nucleus will move along a given crystallographic axis is
replaced by a calculation of the probability that a parti-
cle moving between atomic rows in the crystal parallel
to the given erystallographic direction will strike the dis-
placed nucleus. This analysis uses a continuous potential
for the atomic chain, and it assumes that a statistical
equilibrium is established in the transverse plane of phase
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space immediately after the particle reaches the crystal.
The desired probability is then found from the equation

W)= | PELYFENE =zn(

E) SUs

) (D)

1—s2/rk

where s is the normal component of the nuclear displace-
ment, E, is the transverse energy of the particle, U(s) is
the potential of the nearest atomic chain, P(E, , s) is the
probability that a particle with a transverse energy Ei
lies at a distance s from the chain, f(E,) is the particle
distribution function in to the transverse energy, and rrr% =
(Nd)~! is the area of the transverse plane per chain. For
a particle entering a crystal at a sufficiently large angle
with respect to the atomic chain, the motion in the crystal
is essentially the same as in a material lacking atomic
order, and the analogous probability is Wy(s) = 1/(wrr}).
When an exponential law is adopted for the decay of the
compound nucleus, the following expression is found for
the relative particle intensity at the center of the axial
dip due to the nuclear displacement:

Ay (vyv)=C Y ::,:(::) exp [—s/(v17)]
0

ds
vyt

Tao

c 1
— T .i exp[—s/(v, 1) In (_—"irﬂsz,fr,g‘) ds
+C Tet[ s/(v )11 : N ds+ (12)
el O b = e AL

To

It can be shown that if the average nuclear displacement
is small, namely,if v, 7 € 0.4r, we have

Ay (vy7) & 2CaNd (v T)% (13)

The most important simplifications incorporated in this
solution are the use of the string-potential approximation
for the chain and the requirement that a statistical equi~
librium be rapidly established in the transverse plane of
phase space, This approach and that base onthe introduc-
tion of a cutoff radius for the potential yield approximate-
ly equal results if the average nuclear displacement is on
the order of the atomic-screening parameter,

The observed effect of the displacement of the com-
pound nucleus was related analytically to the magnitude
of the displacement in the case of a planar pattern by
Komaki and Fujimoto.® This relation is also based on
the string potential and a statistical equilibrium with re-
spect to the transverse particle energy. In this case the
measurable parameter is the relative number of parti-
cles ejected from a certain angular range near the direc-
tion of the plane as the result of Coulomb collisions with
the plane (Fig. 7). Using conservation of the number of
particles we can replace these particles by those which
turn out to lie outside this angular range. If the bound-
aries of this range, 6y, are much larger than those cor-
responding to the angular size of the dip, we find an
analytic expression for the angular distribution of parti-
cles for 8> 68); we can use this expression to relate the
distribution function g(x, v, 7, p) of the particle source
(i.e., the position of the decaying compound nucleus) to the
relative number of ejected particles M[0, g(x, v,7, p), El:
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where

=

alg (@ vim A= | g o pU (2)dz p=7

oy

U (z) dax.

=

Here E is the energy of the particles emitted by the nu-
cleus, U(x) is the average potential of the atomic plane,
and d is the separation between planes. The distribution
function for the position of the particle source takes into
account the displacement due to the finite lifetime of the
compound nucleus as well as the dispacement due to ther-
mal vibrations of atoms:

g (JC, VT, P)
= 'I/_"_ipu_w: g exp [— (x— ")/ (2p*) ] exp [ — &'/(v, )] dz’. (15)
P it o

0

where v, 7 is the normal component of the average nuclear
displacement, and p is the transverse component of the
rms amplitude of the thermal vibrations, Experimentally
obtaining working and reference planar patterns, we can
find the ratio of the corresponding M values:

M©Bo gz v T p) B)  alglz v)7, p)|—P (16)
M®o gz 0,p), E) ~ alg(r0,pl—p

Since this ratio is a function of displacement v,T,itrelates
the observed effect of the displacement to the magnitude
of the displacement,

In another approach to the problem of calculating the
lifetime on the basis of the observed effect, the particle
motion in the crystal is simulated in a Monte Carlo calcu-
lation; in principle, this approach allows us to trace the
dependences of the pattern shape and parameters on the
displacement of the compound nucleus from the lattice
site.*»** With the problem formulated sufficiently ac-
curately, and with a good statistical accuracy, this meth-
od seems very promising, not only for calculations re-
lated to specific experiments, but also for studying the
question of which pattern parameters are most sensitive
to the nuclear displacement. The primary difficulties
involved here result from the sharp increase in the com-
puter time required for the numerical calculations as the
actual experimental conditions are approached. At pre-
sent calculations have been carried out only for thin crys-—
tals (thinner than those used in experiments by a factor of
about 100), i.e,, the role of multiple scattering in forming
the shadow has been neglected.?!

In completing this discussion of method for calculat-
ing the average lifetime we note that an exponential decay
law is satisfactory for the compound nucleus only if a sin-
gle isolated resonance is excited.!” Since lifetime mea-
surements based on the blocking effect are applicable in
any part of the excitation spectrum for the compound nu-
cleus, the most typical situation would involve the excita—
tion of many closely spaced levels, and the decay proba-
bility would have a nonexponential distribution,

It follows that the effect of the finite lifetime of the
compound nucleus is manifested in the angular distribu-
tions of the reaction products as a second-order effect;
first-order effect would be the appearance of the inten-
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sity along the crystallographic axes and planes (i.e., the
dips themselves). An experimental method for detecting
small changes in dip shape due to displacement of the
compound nucleus from the lattice site must of course
satisfy certain specific requirements, The most impor-
tant of these are a sufficient spatial (on angular) detec-
tor resolution, especially if the element of the pattern
being studied is the region in which the axial and planar
dips overlap; insensitivity of the detector to particles
making up the background against which the particles from
the given reaction must be distinguished; highly accurate
positioning of the target in the case in which the angular
distribution near the given axis or plane is found by suc-
cessive measurements; and monitoring of the target state,
especially if the working and reference patterns are not
measured simultaneously. Obviously, the angular distribu-
tions of reaction products obtained must have a sufficient-
ly low statistical error.

Two types of detectors have been used to obtain pat-
terns for measuring nuclear lifetimes: dieleectric track
detectors and position-sensitive semiconducting detec-
tors. Dielectric track detectors are absolutely insensi-
tive to background particles, while they have an essential-
ly 100% efficiency for detecting the reaction products.
Their use is simple and convenient. These detectors can
simultaneously obtain blocking patterns over a broad an-
gular range, thereby eliminating positioning errors, They
suffer from the important disadvantage that they cannot be
used for an energy analysis of the reaction products, so
they cannot determine the depth of the working layer of the
target when a thick crystal is used. In (p, o) reactions the
o particles are detected by cellulose nitrate detectors,
while the fission fragments are detected by silicate and
quartz glass and polymer plates. Position-sensitive semi-
conducting detectors can simultaneously obtain informa-
tion about both the spatial and energy distributions of the
reaction products. Two-dimensional "checkerboard" de-
tectors have been used to measure the angular distribu-
tions of particles near crystallographic axes, while planar
patterns have been measured with detectors sensitive to
a single coordinate.

Use of a position-sensitive detector requires more
careful orientation of the crystal than does the use of a
large-area dielectric track detector. Preliminary orien-
tation of the crystal is usually carried out in these experi-
ments by observing the blocking patterns from elastically
scattered particles either on a fluorescent screen or by
means of a photographic emulsion., The target crystal is
mounted on a goniometer table, which sometimes must
have translational as well as rotational degrees of free-
dom. Translational degrees of freedom are necessary
because crystal unstable with respect to radiation must
be used to study certain nuclear reactions, Ifthedoseper
unit area of the crystal surface is not to exceed the per-
missible limit, the erystal must be displaced with respect
to the particle beam; the spatial orientation of the crys-
tallographic axes and planes must not change as a result
of this displacement,

We turn now to the geometry of these experiments.
In a "good" geometry the linear dimensions of the spot
formed on the target by the incident beam are much
smaller than the linear dimensions of the elements of the
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pattern being studied; in other words, the angular resolu-
tion of the apparatus must be much finer than the angular
width of the dip. Otherwise, the dips would suffer in-
strumental broadening and would be less pronounced.

It can be shown that the change in the depth of an
axial dip due to geometric factors is®®

by = (1 — y) (a®/b®)/6, 1"

where a is the diameter of the projection of the irradiated
spot on the target onto the plane parallel to the detector
plane, and b is the diameter of the axial dip on the detec-
tor surface. The standard statistical error in the quantity
Ay, the difference between the intensities atthe dips of the
working and reference patterns, can be written as

8 (A
=(84,/4, + 8B,/B,) (A/By) + (842/A; + 8By/Bs) (4:/B,), (18)

where A, and A, are the particle intensities at the centers
of the dips, and B; and B, are the intensities away from
the dips, so that we have A,/B; =x and A)/B, = x,. Esti-
mates show that with an angular resolution equal to 1/10
the angular width of the dip we have 6y € 0.01y, and this
error does not make a contribution to Ay important in
comparison with the statistical contribution, In particu-
lar, it follows that the beam of incident particles must be

quite narrow, so the problem of radiation defects is com-
pounded, It is also quite clear that repeated displacement

of the target crystal during an exposure can lead to in-
advertent small changes in the positions of the crystallo-
graphic axes and planes; in turn, these changes could dis-
tort pattern features., To eliminate such undesirable ef-
fects, certain investigators have continuously monitored
the spatial position and depth of some pattern other than
that being studied during the exposure, using position-
sensitive semiconducting detectors. The effect of radia-
tion defects can also be reduced by annealing, i.e., by
heating the target crystal during the recording of the pat-
tern. An undesirable consequence is that the pattern con-
tracts and fades because of the increased amplitude of
thermal vibrations caused by the heating, Nevertheless,
this procedure makes repeated translations of the erystal
unnecessary. In general, the problem of radiation defects
and their effect on the pattern shape seems to be one of
the most serious experimental difficulties involved in
measuring nuclear lifetimes with crystal targets.

REVIEW OF BLOCKING-EFFECT
MEASUREMENTS OF NUCLEAR
REACTION TIMES

All the experiments which have been carried out to
determine the lifetimes of excited nuclear states can be
classified into three groups on the basis of the nature of
the reaction studied. The first group includes measure-
ments of the lifetimes of isolated levels in resonance re-
actions: *'P (p, @) %%Si at Ep = 642 keV (ref. 40) and *'Al
(p, @) 2*Mg at Ep = 633 keV (refs. 34, 40). The second
group consists of studies of the inelastic scattering of
protons having energies of 4-6 MeV by the germanium
isotopes "’Ge, "2Ge, and "‘Ge (refs. 26, 31, 41), The third
and largest group is made up of studies of the fission of
heavy nuclei (refs. 23, 25, 27-30, 32, 33, 35-37, 39, and
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40). We will discuss each of these groups of reactions
in turn.

1. The (p, @) reactions have been studied with pro-
tons accelerated by electrostatic accelerators. The tar-
gets have been thick (~1 mm) GaP and Al single crystals,
In the case of a resonance reaction the crystal thickness
is not erucial, since it is always possible to induce the
reaction at the desired depth in the crystal by making the
appropriate change in the énergy of the incident particles.
As a rule, the proton energy has been about 10 keV above
the resonance, so that the reaction has occurred at a depth
of about 1500 A in the crystal, This imbedding of the res-
onance was necessary because at a crystal surface there
is an amorphous oxide film or a thin layer of amorphous
matrix material; this layer remains even after the crys-
tal surface is carefully prepared before an experiment.
The crystal was oriented in such a manner that one of its
axes®¥* or planes®® made a small (< 10°) angle with the
direction of the incident beam, while another axis or plane
of the same type made a large angle with the beam, i.e.,
in this setup reference and working patterns could be ob-
tained simultaneously. Figure 8 shows a typical experi-
mental setup, The patterns were obtained with cellulose
nitrate dielectric detectors. As a rule, an exposure lasted
30-40 h at an average current of 0.1-0.5 uA at the target,
During this exposure time the crystal was moved several
hundred times to avoid radiation defects. Position-sensi-
tive semiconducting detectors were used during these
several hundred parallel displacements to monitor the
crystal orientation (to hold it constant) and to check for a
possible change in the dip depth due to radiation defects
(Fig. 8). Since the angles made with the crystal surface
by the two axes being studied were not held equal,? it was
important to verify that the conditions governing the mo-
tion of the particles along these two axes were identical
when the displacement of the compound nucleus from the
lattice site played no role, For this purpose patterns
were obtained at the resonance energy of 1.51 MeV in the
case of the 3'P (p, o) 283i reaction; the width of this res-
onance is about 7 keV, so a lifetime of about 10~%° sec
should lie beyond the sensitivity of the method (or at least
this lifetime should not change the shadow depth). The
results shown in Fig, 9a show that the intensities in the
two directions are in fact identical when the reaction pro-
ducts are emitted almost exactly at the lattice sites, On
the other hand, Fig. 9b clearly shows the effect of nuclear
displacement for the resonance at 642 keV, The low radia-
tion stability of the crystal and the low « yield in the reac-
tion (about 10° protons are required per «, even for back

Proton
beam

Fig, 8. Experimental setup used to study®® the resonance reaction p (p,
a)®si, 1) Track detector; 2) position-sensitive semiconducting detector;
3) GaP crystal,
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Fig. 9. Blocking patterns obtained’ in a study of the resonance reaction
3p (p, ) Bsi at Eggg = 1.51 MeV (a) and Epeg = 642 keV (b)

scattering) are responsible for the large statistical error
in these results. To obtain clear radial dip profiles in
the face of this large error, an integration was carried
out over the azimuthal angle near the center of the dip;
the results are the angular distribution shown in Fig. 9b.
The lifetime of the %25 compound nucleus was calculated
on the basis of Eq. (13).

Various methods mave been used to measure the ef-
fect of the finite lifetime of the compound nucleus in the
reaction 2'Al (p, @) **Mg at a resonance proton energy of
633 keV. A comparison has been made® of the integral
characteristies for the two planar patterns (see the pre-
ceding section) formed by (111) planes with vanishing and
nonvanishing normal components of the compound-nucleus
velocity; the lifetime was calculated from Eq, (16). The
dip from a (110} axis was also observed in that study;
this dip was used as a reference dip in a comparison with
the dip from the same axis corresponding to a different
resonance (Epog = 1183 keV). This resonance has a width
of T ~ 650 eV and a lifetime of 7~ 10~!% sec. The T was
calculated by a method involving a cutoff radius for the
atomic potential. Two axial dips from (111) axes making
angles of 15° and 75° with the direction of the incident

proton beam were obtained? for the same reaction at a
resonance energy of 633 keV, The lifetime was calculated
from Eq. (13), Table 1 shows the results found from mea-
surements of the lifetime of isolated compound-nucleus
states. The accuracy of these lifetimes is limited not so
much by the statistical errors involved (generally 10-20%)
as by the approximations used to convert from the experi-
mentally measured effect of the displacement to the mean
lifetime, Since the results showninTable 1 were obtained
in studies of different pattern elements, and since differ-
ent methods were used to calculate 7, we believe that the
agreement of these results [for the reaction 21A1 (p, @)
24\g] and the agreement between the values found from
the resonance widths are completely satisfactory.

2. Inelastic proton scattering by germanium isotopes
has been studied by three groups of investigators?®s14!
over the energy range 5-6 MeV. The compound nuclei
"As and ©®As formed in the respective reactions "’Ge (p,
p") and "Ge (p, p') have excitation energies of 9.4-10.4
and 10,3-11.8 MeV. In this excitation-energy range we
have the relation T' < D, and the average level spacing is
on the order of hundredths of an electron volt. The ger-
manium crystals were "thin," i.e., their thickness was a
negligible fraction of the proton range. However, the en-
ergy spread caused in the scattered protons by the target
thickness (about 200 keV at a crystal thickness of about?®3!
10p and about 30 keV at a thickness of about® 1,5u) re-
sulted in the simultaneous excitation of a large number of
levels of the compound nucleus.

The germanium crystal was oriented with its (110)
axis®#! or (111) plane®® making an angle of about 90° with
the direction of the incident proton beam. The angular
distribution or patterns were measured near this axis and
this plane with position-sensitive semiconducting detec-
tors, The groups of inelastically scattered protons cor-
responding to the 1.04-MeV (29 state in "°Ge and the 0.69-
MeV {01 and 0.83-MeV (21 states in "?Ge were singled
out, The effect of the finite duration of the inelastic-scat-
tering process was extracted by comparison with the pat-
tern formed by elastically scattered protons whose energy
was reduced to equal that of the corresponding group of
inelastically scattered photons.

Figure 10 shows two of these pat.l:erns.‘n Since ger-
manium crystals have a high radiation stability, they did
not have to be moved during the exposure. However, even
with these crystals it was necessary fo take measures to
prevent changes in the pattern shape caused by factors
other than the effect being studied. The crystals deformed

TABLE 1. Results of Experiments Carried Out to Determine the Lifetimes of Resonances

; Lifetime calcu-
Resonance Compound | Excitation . Mea;;?rzd mean | 1-tedfrom reso-
Reaction proton energy, aneleus energy, Pattern element studied emme, nance width, | Reference
keV Me 107" sec 10716 gec
31P(p, «)?8i 642 328 9.486 Axial pattern 0.8 ~0.8 140]
Planar pattern 1.4 [34]
27A1(p, «)*Mg 633 881 12.21 Axial pattern 2 ~0.4 [34]
Axial pattern 0.9 [40]
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Fig, 10. Blocking patterns from the <110> axes of a germanium crystal in
the reaction 1°Ge (Ps p*) "Ge* (0.83 MeV) with Eres = 5,11 MeV (a) and in
elastic scattering of protons (b) (ref, 41)

slightly as a result of local heating by the proton beam;
this deformation tended to change the spatial position of
the crystallographic axis being used and thus to affect

the pattern shape. To prevent these changes it was neces-
sary to limit the proton current to about?! 0.005 yA. When
crystal was heated to about 450°C, on the other hand, the
effect of local heating by the beam was much less pro-
nounced, so the current could be raised to about® 0.1 uA.

Various methods were used to calculate the mean
lifetimes of the compound nuclei in these three studies.
In the case of the planar patterns® a relation was used
between the mean nuclear displacement and integral pat-
tern characteristic (16). For axial patterns Eq. (10) was
used with a cutoff radius of r; = 0.4 A in one case;!! in
the other case®! the relative number of particles ejected
as a result of Coulomb interactions of elastically and in-
elastically scattered protons with the crystallographic
axis was compared with the analogous numbers obtained
through a numerical simulation for various meandisplace-
ments of the compound nucleus. Some of these results
are shown in Table 2.

3. A large number of studies have been reported
(refs. 23, 25, 27, 28-30, 32, 33, 35-37, 39, and 40) in

TABLE 2. Measured Lifetimes of Compound Nuclei Formed in the Inelastic
Scattering of Protons by Germanium

Ener- |Com-
of ipound o Measured
inci- ucle- - Pattern mean -
Reaction [ 4.0, us (tonen-| feren, lifetime, g‘ﬁf:%r
protonsq ::g,‘ used 1071 sec
MeV
Pl (3.2:£1.4) | [20]
5.4 9.64— pattern
9.84
vo%g(giﬁgzgs;*;___ 71Ag Axialpattern | (2.440.4) | [31]
ozt 9.53— | Axial pattern | (5.42:0.4) | [41]
9.56
Planar (2.51.0) | [26]
5.4 1. B pattern
“Ge(p, p')2Ge * 3As 10.74 Axial pattern | (3.9+0.,7) | [31
(0.83 MeV 2+) P s I
5.11 =
055 | Axtal pattern | (8.12:0.5) | [41]
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which the blocking effect has been used to measure the
lifetimes of compound nuclei in fission reactions. There
are good reasons for the interest in the fission of heavy
nuclei, which was among the earliest processes studied
by this new method, First, it is customarily assumed
that fission occurs only through the formation of a com-
pound nucleus, so that the contribution of direct-interac-
tion mechanisms can be neglected. Second, fission frag-
ments, which have large charges and masses, can be
easily distinguished from all other reaction products
through the use of zero-background yet simple threshold
detectors such as dielectric track detectors. Finally,
the large charge of the fragments at the comparatively
low energy of about 1 MeV/nucleon provides a large an-
gular width for the dips, which facilitates shape studies,

Measurements of the lifetimes a fissioning nuclei can
be classified into two categories: The first includes ex-
perimental studies of the fission of **U nuclei by neu-
trons,?8:%3:39:40 protons 2327 and alphas,?® with excitation
energies of the compound nuclei in the range 6,5-20 MeV,
The second category includes experiments2?,30,32,35~31
using heavy-ion beams of !'B, 2C, 160, 22Ne, and 3!Pp, in
which the excitation energies of the compound nuclei,
having 79 = Z < 89, exceed 60 MeV.

We turn first to fission at relatively low excitation
energies. The first such experiments involved fission of
28 nuclei in a UG, crystal of natural isotopic composi-
tion caused by 12-MeV protons®*#! or 15-MeV a parti-
cles.”® The experimental layouts were similar to that
shown in Fig, 8. The fission fragments were detected by
dielectric track detectors. Analysis of these detectors
revealed quite deep minima in the track-density distribu-
tion at the detector surface where the detector plane was
intersected by the crystallographic {110y axis. The very
existence of dips, which shows that the displacement of
the compound nucleus does not exceed the atomic-sereen-
ing parameter in order of magnitude, yielded an upper
limit of T < 10" sec on the lifetimes of the compound
nuclei for an excitation energy of about 20 MeV.

Letus summarize the most important results of these
early experiments. First, observation of extremely deep
dips inthe angular distributions of these fragments showed
that use of the blocking-effect method was promising for
studying the lifetimes of fissioning compound nuclei, Be-
fore these experiments it was feared that the high scat-
tering cross section for fragments moving in a medium
and possible radiation damage to the crystal by the frag-
ments would cause an extremely poor dip depth. Second,
the first use was reported®® of certain methodological ap-
proaches which later were widely adopted in quantitative
studies of dip shape. One of these approaches involved
visual observation of the patterns produced by fission
fragments at the surface of glass detectors with a suffi-
ciently high density of fragment tracks (Fig. 11). This
approach made it easy to find the pattern elements of

-interest.

The 23U (p,f) reaction was later studied?” in more
detail through the use of protons at 9-12 MeV. It was
found that the dip corresponding to the {111) axis, which
made an angle of 40° with the proton-beam direction, was
less pronounced at a proton energy of 10 MeV than at an
energy of 9 or 12 MeV (Fig, 12). These results have been
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Fig. 11. Blocking pattern observed in the fission of uranium nuclei of a
UO, crystal by 25-MeV « particles.?’
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Fig, 12, Comparison of blocking patterns near the <111 axis of a UQ,
crystal, at an angle of 40" with respect to the proton beam (proton ener-
gies of 12 and 10 MeV) corresponding to the reaction U (p, f) (ref. 27).

interpreted®’ in the following manner; The compound nu-
cleus *¥Np formed by a 10-MeV proton and a 2330 target
nucleus has an excitation energy above 15 MeV, so its
lifetime is too short to affect the dip depth. In this case,
however, emission fission also becomes possible after

Deuteron
beam

i

D — Ti target

Fragment
"source "

Glasgs detector N° 2

<>

A
Glass detector N° 1

Fig, 13. Experimental setup for measuring the lifetime of the compound
nucleus formed in the reaction 2%y (n, f) at a neutron energy of 1,7 MeV
(ref. 33).
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the ®°Np nucleus emits a neutron; the 23®Np product has
an excitation energy not far above the fission barrier, and
the quite long lifetime can be measured, Accordingly, the
dip depth observed at a proton energy of 10 MeV results
from a significant contribution from fission after neutron
emission.

For a proton energy of 9 MeV the compound nucleus
%9Np also has a very short lifetime, not measurable by
the blocking effect; the ***Np nucleus formed after neutron
emission has an excitation energy below the fission bar-
rier, and therefore the %*%U (p, nf) reaction is suppressed.
At a proton energy of 12 MeV the mean excitation energy
of the compound nucleus after neutron emission is consi-
derably above the fission barrier, and the extremely short
duration of the emission fission 2%U (p, nf) cannot be mea-
sured by this method. Accordingly, for proton energies
of 9 and 12 MeV, displacement of the compound nucleus
does not affect the pattern shape (the "reference pattern"),
while at 10 MeV the effect of the displacement is observ-
able. The results of this experiment and the known values
of the ratio I'y/I¥ for this reaction led to a mean lifetime
of (1.4 0.6) »10°' sec for »**Np for an excitation energy
of about 7 MeV. The lifetime was calculated by a method
using an atomic potential cutoff radius at re = 0.4 A,

The results of refs, 23, 25, and 27 imply that in fis-
sion of uranium by light particles conditions are suitable
for lifetime measurements by means of the blocking effect
only when the compound nuclei involved have low excita-
tion energies, near the fission barrier. The most natural
method for producing such excitation energies for the fis-
sioning nucleus is to use monoenergetic neutrons having
energies on the order of a few MeV. Two groups of in-
vestigators have carried out corresponding experiments
in the neutron-energy range 1.7-4.2 MeV, corresponding
to excitation energies of the compound nucleus U in the
range 6.5-9.0 MeV (refs. 28, 33, 39, 40). The neutrons
are produced in reactions induced by accelerated charged
particles. The reaction *H(p,n) *He has been used to pro-
duce neutrons having energies of 1.7 (ref, 33), 1.8 (ref.,
40), and 2.5 MeV (ref. 40), The 2H (d, n) *He reaction has
yielded neutrons having 3.3 (ref. 28) and 4,2 MeV (ref.39).
Figure 13 shows the typical experimental layout, The lay-
out for neutron-fission experiments has several features,
related to collimation of the neutron beam: which distin-
guish it from experiments involving fission by charged
particles, When appropriate diaphragms are used in the
charged-particle experiments it is easy to specify both a
strictly defined direction for the incident beam (and thus
the momentum direction of the compound nucleus) and the
size of the spot on the target crystal which is the source
of reaction products, in particular, the source of frag-
ments. When fission is induced by neutrons, on the other
hand, the neutrons irradiate the entire target crystal, so
that the entire crystal emits fission fragments, Since a
"good" geometry is required for observing the blocking
patterns, i.e., since the source dimensions must be much
smaller than the linear dimensions of the blocking pat-
tern at the detector surface, the area of the crystal sur-
face which emits fragments must be restricted. Theusual
measure is to use a foil mask with an aperture; the foil
thickness is chosen to be larger than the fragment range,
and the size of the aperture (the fragment source) must
satisfy the requirements for good geometry. The crystal
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is usually placed very close to the deuterium or tritium
target which serves as the neutron source, to maximize
the intensity of the neutrons inducing the fission. The
geometric conditions are unsatisfactory in another sense:
The compound nuclei whose fission fragments can escape
from the aperture in the mask do not have a strictly de-
fined momentum direction; instead the momenta are
spread over a cone whose vertex angle is governed by
the diameter of the aperture and the distance between the
fragment source and the neutron source (Fig. 13). Asa
result, there is a certain spread of angles between the
given crystallographic direction and the direction of the
compound-nucleus momenta which must be taken into ac-
count when calculating the lifetime 7 from the observed
change in shadow shape., For example, if the measured
parameter is the particle intensity at the center of the
dip, the quantity (v, 7) must be replaced by

119 ={ rwive®aef | ¢© e (19)
where 0 is the angle between the momentum direction of
one of the compound nuclei and the erystallographic di~-
rection being used, and g(6) is the direction distribution
of the compound nucleus momenta, Then the experimen-
tally measured effect of the finite lifetime, Ay, must be

equated to the difference between two expressions like (19):

Ay = [x (v1D)ley — [x (v1 )]sy, (20)
where ¢, is the angle between the axis of the cone formed
by the compound-micleus momenta and the crystallographic
axis forming the working pattern, and &, is the same angle
for the reference pattern.®® A study was made of patterns
from the (111) axes of a UO, crystal, one making an angle
of #; = 80° with the cone axis and the other making an an-
gle #, = 10°, Figure 14 shows the angular distributions of
fragments near these axes, integrated over the azimuthal
angle, for a neutron energy of 1,7 MeV; here the UO, crys-
tal was irradiated by a neutron flux of about 1.5+ 10% neu-
trons/(sec-sr) for 120 h, There is a clear difference be-
tween dip depths, which can be attributed only to the ef-
fect of the displacement of the fissioning nuclei from the
lattice sites. The lifetime calculated from Egs. (12) and
(13) for the compound nucleus 2°U excited to 6.5 MeV
turned out to be®® 7 = (3.5 + 1,0) - 10~ sec, Similar re-
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Fig. 14. Portions of the angular distributions, integrated over the azimuthal
angle, of the fission fragments produced by the irradiation of a UO, crystal
by 1,7-MeV neutrons. These parts of the diswributions lie near the <111>
axes, oriented at an angle of 10° with respect to the beam direction (a) and
at an angle of 80° (b) (ref. 33).
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Fig. 15, Dependence of the lifetime of the compound nucleus on the ex-
citation energy (from the data in Table 3), Circles) Data of refs. 33, 39;
triangles) data of ref. 40; curve) calculated from a constant-temperature
model with the parameters T = 0.6 MeV, B.f = 5.8 MeV, B}, = 5.75 MeV,
and ry = 1.25- 10-3 ¢m, ’

sults were found for other neutron energies, Table 3
shows all the available experimental results on the life-
time of the compound nuclei formed by irradiating urani-
um with light particles. Since these compound nuclei do
not differ appreciably in nucleon composition, all these
lifetimes can be compared. Figure 15 shows the lifetime
of the compound nucleus as a function of the excitation
energy found from the data in Table 3, We see a regular
decrease in the lifetime with increasing excitation energy
which is qualitatively consistent with the statistical mod-
el. These results will be discussed in more detail in the
following section.

We turn now to experiments involving fission of 18!Ta
and *¥W by accelerated heavy ions of !B, 2c, 1¢0, *Ne,
and 3P, The compound nuclei formed in these reactions
have a high excitation energy of > 60 MeV even when the
energy of the incident particles is equal to the Coulomb
barrier. We might therefore expect the lifetimes to be
much shorter than 1071¢ see. On the other hand, the ve-
locity acquired by the compound nuclei in reactions in-
duced by heavy ions is much higher than the velocity of

TABLE 3. Measured Lifetimes of Compound Nuclei intheFission of Uranium
by Neutrons, Protons, and ¢ Particles

1 >
=] =] b=

FEEREE P 5 | @
Reaction |3 % | &2 |5 5| G232 % 8
IR EIELE = 3
9|07 |48[$5E0| % : | &
238U(n, f) | 1.7 239U | 6.5 0.76 0.200.41 | (3.5+1.0) | [33]
238U(n, f) | 3.3 |20 | 8.4 1.06 0.13+0.10 | (2.040.8) | 28,
33|
28U(a, f) | 25 | 242Puf 20 5.90 |<0.01£0.06 <0.1 [25]
238(p, n, f)] 10 | 8Np[~ 7 1.90 | 0.0660.021 | (1.420.8) | [27)
298U(n, f) | 1.8 [ 2300 | 6.6| 0.76 0.19+0.10 | (3.2+1.0) | [40]
28U, f) | 2.5 |20 | 7.3| 0.01 0.1340.10 | (2.3=1.6) | [40]
238U(n, f) | 4.2 | 29U | 9.0| 1.15 0.06-0.05 | (1.2:1.0) | [39]
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Fig. 16. Angular distribution of fission fragments near tungsten <1113 axes
oriented at angles of 90° (triangles) and 160° (circles) with respect to the
beam of 174-MeV #Ne ions,*

the compound nuclei in the reactions discussed above, so
the lifetime range which can be measured is shifted to-
ward shorter values (Fig.2). It was thus necessary in the
earliest heavy-ion experiments to determine whether con-
ditions could be arranged in which the actual lifetime of
the compound nucleus fell within the lifetime range mea-
surable by the blocking effect.

In the first heavy-ion experiments dips were detected
in the angular distributions of fission fragment produced
by irradiating a tungsten crystal of natural isotopic com-
position with accelerated ’Ne ions.?® The angular width
of the dips turned out to be near the theoretical predic-
tions in this case. The dip depth was y = 0.25, showing
the crystal to be of good quality and showing that radia-
tion damage to the crystal by the heavy-ion beam did not
significantly change the blocking pattern over an exposure
time of about 10 h, This x value revealed a lifetime of
T £8+10718 sec for the compound mucleus in this reaction
for an excitation energy of 117 MeV. In a further study
of the reaction W (*’Ne, f) (refs. 30, 35) a difference was
found between the dip depths corresponding to two identi-
cal (111) axes of a tungsten crystal making angles of 90°
and 160° with respect to the ion beam, Figure 16 shows

TABLE 4. Lifetimes Measured in Fission of Tungsten Nuclei by Accelerated
Heavy Ions

Erinax. 5 i
Direction | pey . E%, MeV| 108 c‘;'n/sec Ax T, 10-18 sec
W(22Ne, f) 174 116 4.13 0.040--0.003 2.54
W(22Ne, §) 146 91 3.77 0.051+0.008 3.27
W(*2Ne, f) 116 65 3.35 0.0704-0.004 4,02
W(20Ne, f) 192 132 4,22 0.0414-0.008 2.42
W(e0, f) 137 99 3.22 0.01240.015 | <2.11
W(160, f) 97 62 2.69 0.091+0.015 5.64
WG, ) 80 62 2,22 0.082:4:0.010 6,30
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Fig. 17. Dependence of the quantity Ax =y (90°) —x (160°) on the energy
of the bombarding particles for the reaction W #Ne, f) (ref. 30). The val-
ues of Ay shown at the top of the figure are averages over several experi-
ments,

the angular distributions of fragments near these axes
for the case of 2Ne ions having an energy of 174 MeV.
Figure 17 shows the energy dependence of the quantity

Ay =x(90°)—y (160°) as the energy of the **Ne ions is varied
from 108 to 174 MeV. This dependence is strong addi-
tional evidence that the observed difference between dip
depths is related to the displacement of the fissioning nu-
cleus from the lattice site. Table 4 shows the results of
an experimental study®? of fission of tungsten nuclei in-
duced by 2C, 60, and **Ne ions. The lifetimes were cal-
culated from Eq, (10) with a cutoff radius of r, = 0.4 A.
Figure 18 shows the quantity Ay =y (90°)—y(160°) calcu-
lated from Eq. (10) as a funection of the product 4, 7 for
various cutoff radii re. The following basie conclusions
can be drawn from these results: The lifetimes of highly
excited compound nuclei in the reactions W (**c, 1), wW-
(*®0, f), and W (¥Ne, f) are on the order of 10~'® sec; the
energy dependences of the lifetimes for these reactions
differ markedly.

The target in these experiments was a tungsten sin-
gle crystal of natural isotopic composition, The mass
number and excitation energy of the fissioning compound
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Fig. 18, Calculated dependence of the quantity Ax =y (90°) -)'{ (160°) on
the product vt (ref. 30).
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Fig. 19. Dependence of the number of fission-fragment tracks per unit area
of the dielectric detector on the angular distance from one of the two crys-
tallographic <111> axes. Triangles) <111> axis making an angle of 90°
with respect to the beam; circles) <111> axis making an angle of 160° with
respect to the beam. The reaction is 1**w ¢!p, f); the ion energy is 195
MeV (ref. 36)

nuclei formed during irradiation of the target by the var-
jous particles were spread over certain ranges. Inan
effort to clearly fix the parameters of the compound nu-
cleus, further experiments were carried out’® with tanta-
lum crystals of natural isotopic composition (99.99% 181Ta)
and tungsten single crystals enriched with W (90.5%
186w), The bombarding particles in these experiments
were heavy ions accelerated by the U-300 cyclotron of
the Nuclear Reactions Laboratory of the Joint Institute
for Nuclear Research: 87-MeV !!B ions; 80-MeV 2C
jons; 137-MeV 10 ions; 174-MeV *’Ne ions, and 195-MeV
3P jons. A beam of 108-MeV *C ions extracted from the
U-200 cyclotron was also used, In all the reactions the
measurements were carried out at the maximum beam
energy and at a beam energy reduced by retarding foils
to a value near the Coulomb barrier for the interacting
nuclei.

The fission-fragment detectors used in the experi-
ments with 3'P ions were fused quartz detectors, which
did not detect elastically scattered phosphorus ions. The
gilicate-glass detectors used to study reactions with
lighter bombarding particles reliably identified the elas-
tically scattered ions, Figures 19 and 20 show the results
found in a microscopic study of the detectors (of the di-
ametral cross sections of the axial blocking patterns) for
the case of the W (3!P, f) reaction with ion energies of
195 and 155 MeV (ref. 36), Similar diagrams were found
for all the other reactions studied. We see that for all
the reactions the dips corresponding to axes making an
angle of 160° with respect to the beam are deeper than
those for an angle of 90°. The depthdifference Ay =x(90°) —
¥(160°) varies with the energy of the bombarding particle
and from reaction to reaction, reflecting the changes in
the lifetime of the compound nucleus as a function of the
nature of the particle and its energy. Figures 19 and 20
show typical results.

The dip depth x(90°) and ¥ (160°) and their difference
Ay are determined accurately in the following manner:
The tracks are counted in the field of view of the micro-
scope at many positions along the periphery of the axial
dip, and the average track density outside the dip (A) is
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Fig. 20. The same as in Fig. 19, for the reaction 186y @p, £ for *p jons
having an energy of 155 MeV (ref. 36), Triangles) 90°; circles) 160°,

determined with a statistical error < 1%, Since the track
density at the center of the dip is much lower than that
at the periphery, a region consisting of 100 fields of view
near the intensity minimum was scanned, A square
formed by nine of 16 fields of view was chosen for which
the sum of the number of tracks was minimal (in com-
parison with the sums for all other such squares). The
average number of tracks per field of view in the square
is the quantity B; when this quantity is divided by A, we
find the dip depth x = B/A with a total relative error of
5x/x = 6A/A + 6B/B. The relative error dy/x was usually
3-5%, For the difference x(90°) —x(160°) = Ay the statis-
tical error did not exceed 30%.

The mean lifetimes of the compound nuclei were de-
termined from the measured values of Ay, Table 5shows
the reactions studied and the corresponding lifetimes
found for two values of the cutoff radius r¢ of the atomic
potential, Here a few words are in order about the meth-
od for choosing r, and the effect of this choice on the life-
time found, The usual assumption is r¢ ~ 0.4 A was used
to obtain agreement between the results found by the nu-
merical simulation on the computer and those calculated
through the use of the cutoff radius. It is interesting to
examine the sensitivity of the lifetimes to the values of
ro. Table 5 shows results found for two values of ry (ref,
36). We see that as r¢ is changed from 0.2 to 0.4 A, the

TABLE 5. Experimental Results Found with *¥w and ®'Ta Crystals (ref. 36)

i i Texpt 10719sec | Tihegs 107MseC
: ion: .
Reaction ax r .= |e,=a, a_ =a
Mev [MeV —0A|=02A| =4k | =ad
188W(11B, f) 87 | 80 (0.096-+0.014 69 38 0.79 16
188W(12G, f) 80 | 64 (0,087:0.015 67 37 1.1 22
186W(12C, /) | 108 | 89 [0.007=0.015 <19 | <11 | 0.29 4.2
181T(100, f) 96 [ 63 [0.104+-0.047 60 32 3.7 130
181Ta(180, f) | 137 | 101 [0,004=+0,035 <33 | <18 0.45 8.1
186W(160, f) 97 67 10.0832-0.015 52 29 1.2 26
186W(160, f) | 137 | 103 [0.015:£0.008 22 12 0.22 3.1
181Ta(?Ne, f)| 116 | 69 [0.044--0.030 33 19 3.3 110
181Ta(22Ne, f)| 174 | 120 (0.081+0.030 37 2 0.35 4.4
186W(22Ne, f)| 116 | 68 [0,080--0.015 42 23 1.9 36
186W(22Ne, f)| 174 | 119 0,0462:0.015 27 15 0.14 2.0
181Ta(31P, fy | 155 60 10,023-0.034] <27 | <15 9.3 430
181Ta(31P, f) | 195 94 10.047+0.030 22 12 0.81 117
18eW(31p, f) | 155 59 10.091-+-0.008] 33 18 1.8 43
188W(LP, f) | 195 92 0.033+-0.009 20 11 0.27 3.6
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the absolute lifetime changes by a factor of about 2, but
there is only a slight effect on the relative lifetimes for
different reactions and different excitation energies, To
establish empirical dependences of T on the atomic num-~
ber of the compund nucleus and its excitation energy it is
desirable to analyze the data for some selected cutoff ra-
dius, e.g., ro = 0.4 A; the results of such an analysis are
shown in Fig. 21. We see that for an excitation energy of
about 60 MeV an increase in Z is accompanied by a mono-
tonic decrease in the lifetime, From the dependence of
the lifetime on the excitation energy we see that the rate
of change of the lifetime, AT/AE*, decreases with in-
creasing atomic number of the compound nucleus. This
behavior is discussed in the following section,

RESULTS OF BLOCKING-EFFECT
MEASUREMENTS OF NUCLEAR
REACTION TIMES

The results found for nuclear reaction times in block-
ing-effect experiments are of considerable methodological
interest and are also of interest from a general physical
point of view, As was mentioned above, for methodologi-
cal purposes it is very important to compare the lifetimes
found for isolated resonances found by the blocking method
with results found in "traditional™ nuclear experiments,
namely from level widths.

As we see from Table 1, the resonance (p, @) reac-
tions show that the results of the two types are approxi-
mately equal., Furthermore, there is a good agreement
among the results obtained by different groups of inves-
tigators for the lifetime of the arsenic nuclei which are
the compound nuclei involved in the inelastic scattering
of protons by germanium (Table 2), This agreement is
even more interesting in that the finite lifetime is ob-
served to affect different elements of the blocking pat-
tern (for both axial’!»*! and planar® patterns). Different
parameters have been used as the quantitative character-
istic (the particle intensity at the center of the dip* and
the total number of particles ejected as a result of Cou-
lomb collisions with the axis®! or plane®®). Different
methods have also been used to convert from the observed
effect to the lifetime of the compound nucleus [the method
involving a cutoff radius for the atomic potential, the
analytic method®® corresponding to Egs. (14)-(16), and
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Fig. 21, Lifetime of the compund nucleus (7) at an excitation energy of 60
MeV and rate of change of 7 with increasing excitation energy (AT/AE*)
as functions of the atomic number Z of the compound nucleus. Triangles)
T; circles) AT /AE*.
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numerical simulation on a computer®], A result of con-
siderable physical interest found in the study of (p, p')
reactions in germanium isotopes is the order of magni-
tude itself of the lifetime involved (~ 10~" sec), The
lifetimes measured for the compound nuclei "'As and "As
have been used to find the level-density parameters,3!
which have furned out to be very nearly equal to those
calculated on the basis of the familiar semiempirical
equation,*

Also of considerable interest is the attempt to study
the influence of isobaric analog resonances on the mean
lifetime of the compound nucleus formed in the inelastic
scattering of protons by germanium. Experiments with
very thin crystals (1.5 u), which provide an energy res-
olution no worse than 30 keV, have revealed a decrease
of 20-25% in this mean lifetime in the case in which the
energy of the incident protons corresponds to the analog
resonance in the excitation function, This study also re-
vealed that the spin of the product nucleus affects the life-
time of the compound nucleus in the Ge (p, p') reaction;
this effect may be attributable to angular-momentum se-
lection of the excited levels of the compound nucleus.

We turn now to the results obtained in measurements
of the lifetimes of fissioning compound nuclei. These re-
sults can be meaningfully discussed on the basis of the re-
sults obtained in the earlier analysis of the empirical be-
havior of the width ratio I's/T', as a function of the atomic
number an excitation energy of the nuclei. At present we
can tentatively classify all nuclei into two groups for a
discussion of the ratio I‘f/I‘n: 1) nuclei with Z <85 which
undergo fission relatively weakly; 2) nuclei with Z > 90
which are highly fissile. The boundary between these two
groups is of course arbitrary and may depend on neutron
enrichment of the nuclei and on the excitation energy.
The principle difference between these two groups is ap-
parently the circumstance that with Z > 90 the fission bar-
rier is on the order of or lower than the neutron binding
energy, while the weakly fissile nuclei have a high fission
barrier, far above the neutron binding energy. Signifi-
cantly different compound-nucleus models are used to
describe the ratio I's/T, for these two groups of nuclei:
the Fermi-gas model for the first group, and the con-
stant-temperature model for the second. At present the
physical reasons for this difference in behavior are not
understood.

In the Fermi-gas model the level density of the com-
pound nucleus is given as a function of the excitation en-

ergy by
p (E) = const exp (2 V aE). (21)
Approximate equations have been obtained® in the
Fermi-gas model for I"n,rf,and I‘n/I‘f on the basis of

a statistical analysis of neutron evaporation and fission,
first carried out in refs, 51 and 52:

4273 (E—By) 12 12 (22)
v e R WG E — x
a, 7K exp [2 (aE) 177 SEnL i ™
922 (F_pali2_4
L - exp [2a; (E — Bp'; (23)

T dagpmexp (2 (agk) /2
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44%3%; (E—Bp)
Koan (22112 (B —Bp)'12—1)

Wl =

% exp{2a./® (E—~ B,)'* —2q;"* (E—B)'*}, (24)

where K, = n2/ (2m1'% ; and Qg Op, and ar are, respectively,
the level-density parameters of the original compound nu-
cleus, the nucleus left after the neutron evaporation, and
the compound nucleus at the saddle point. Parameters aq
and a, are usually assumed equal for heavy nuclei.

For weakly fissile nuclei it has been established ex-
perimentally that I'f/T'p increases with increasing energy,
ie., I'r increases more rapidly than I'jy, and at high ex-
citation energies the I'r value exceeds I'p (T /Tp >1),
despite the inequality By > Bp. This behavior of Ts/I'y
can be achieved with the Fermi-gas model only if the as-
sumption af > ap is used. Quantitative analysis of the ex-
perimental data for I'f/T'y, for the fission of rare-earth
elements and tungsten by heavy nuclei has revealed a sat-
isfactory agreement between experiment and theory (with
the values ar = A/8 and a, = A/10) for excitation energies
not exceeding 70-80 MeV (ref, 53), At higher excitation
energies there is a systematic discrepancy: The theoreti-
cal values of I's/T'p continue to increase rapidly, while
the experimental values display a tendency toward satura-
tion, This discrepancy can be eliminated by assuming that
ay increases with increasing excitation energy, approach-
ing af » which remains constant. We also note that, accord-
ing to Eq. (24), the ratio Ts/T'p is sensitive primarily to
the ratio af/ay and not to the magnitude of oneor the other
of these parameters, so an equally satisfactory descrip-
tion of I's/Ty, can be obtained even with other absolute
value of the level-density parameters,

Let us compare the predictions of the Fermi—gas
model regarding the width I' =T'y + I'; with the experi-
mental values of the lifetimes of highly excited nuclei
produced in reactions induced by heavy ions. Calculation
on the basis of (23) with the values ay = A/8 and ay = A/10
yields lifetimes (T = K/T) on the order of 107'%-107% sec
for all the reactions which have been studied, while the
experimental values are on the order of 10718 sec, This
discrepancy can be eliminated by choosing level-density
parameters in the range A/4-A/5. Table 5 shows the cal-
culated T, =1/’ values. As was mentioned above, the
agreement between the theoretical and experimental
IyTy values is retained, However, the energy dependence
of the lifetime of the compound nucleus is also important,
According to Eqs. (22) and (23), the quantities I'y, I‘f i
and thus I' are rapidly increasing functions of E* in the
excitation-energy range of interest, Experimentally, on
the other hand, we find the lifetime to fall off relatively
slightly with increasing excitation energy for most of the
reactions. Only for the lightest of the compound nuclei
studied, those found in the reactions ®w (2C,f) and 8w
(180, f), does the lifetime fall off sufficiently rapidly (Ta-
ble 5 and Fig. 21). We can thus achieve a qualitative
agreement between experiment and the Fermi—gas model
only with compound nuclei in the range 79 < Z < 82, For
the compound nucleus 2% Po the lifetime falls off by a fac-
tor of only 1.5 as the excitation energy increases from 68
to 119 MeV.

For the heavier nuclei we find an analogous situation.
This weak dependence of the lifetime on the excitation en-
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ergy corresponds closely to the predictions of the con-
stant-temperature model, to which we now turn,

In the constant-temperature model® the level density
of the compound nucleus is given by

p (E) = const exp (E/T). (25)

Using the equations of refs. 51 and 52, we can then easily
find
A2f3r2

I'h= s exp (— E/T) {exp [(E —By)/T1— (E— B,)/T —1}; (26)

Ty = (T/2n) exp (— E/T) {exp [((E—B)/T1—1}.  (27)
For E—Bp > 4T and E—By >3T these equations can be
replaced (with an error of less than 1%) by the approxi-
mations

T = (AT*nK,) exp (— Bu/T); (28)
T'; = (T/2xn) exp (—B/T); (29)
I'y/Tn = (Ko/2A%?T) exp [ — (35— Bu)/T]. (30)

It is easy to see that according to the constant-tem-
perature model the values of I'y and Ty increase rapidly
with increasing excitation energy only near By and Bf,
respectively, and they rapidly assume the constant values
given by Egs. (28) and (29). The ratio I'f/T'y behaves in a
similar manner, The constant-temperature model also
agrees better with experiment in the description of the
T'f/T'p behavior for highly fissile nuclei, for which an ex-
tremely slight change in I'f/T', has been found experi-
mentally for a large change in the excitation energy. On
the other hand, this model does not describe I‘_f/I‘n well
in the range Z <85, There is no change we can make in
the single parameter T which will reproduce the observed
monotonic increase in l“f/I‘n over a broad range of ex-
citation energies or which will yield a ratio T'y/ T'p
approximately unity for nuclei having By > Bp. Never-
theless, the fact that the lifetimes measured in heavy-ion-
induced reactions for compound nuclei with Z > 84 depend
weakly on the excitation energy and have values on the
same order of magnitude as those which can be found in
the constant-temperature model with T ~ 1 MeV,is a.
strong argument in favor of the use of this model for de-
seribing highly excited nuclei with Z >84. Further evi-
dence in favor of this argument comes from the measured®*
cross sections for the reaction Dy (YAr, xn) 294 %po,
which are satisfactorily described by a calculation in
which I‘f/I‘[1 is agsumed independent of the energy.

We turn now to a comparison of the predictions of the
constant-temperature model with the experimental life-
times of the compound nuclei formed in the interaction of
2387 nuclei with neutrons, protons, and o« particles (Table
3). In Fig. 15 the lifetimes found for the various reac-
tions are shown as a function of the excitation energy with-
out regard for the differences among the Z and A values
of the nuclei. This figure also shows the calculated de-
pendence of the lifetime on the excitation energy of the
23977 nucleus for the parameter value T = 0.6 MeV., We
see that there is a good qualitative agreement between
theory and experiment.

We can draw the following conclusions from this dis-
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cussion. In the range of highly fissile nuclei (Z ~ 92) the
constant-temperature model gives a satisfactory descrip-
tion of not only the ratio I'¢/T', but also the absolute values
of the widths, This model is probably also applicable for
the decay widths of highly excited nuclei with Z > 84, For
heavier nuclei the Fermi-gas model gives a better de-
scription of I‘f/]."n and of the lifetimes of the excited nu-
clei.

It is somewhat surprising to find such a strong change
in the level-density function (i.e., the transition from the
Fermi-gas model to the constant-temperature model) as
a function of the atomic number of the nucelus. It may be
that a more profound theoretical analysis is required of
the theoretical values of the ratio I'r/I'y and the lifetimes
of compound nuclei in the range 75 < Z < 90, It would ap-
parently be worthwhile to attempt to improve the con-
stant-temperature model to make it applicable for weakly
fissile nuclei. The basic difficulty which arises here, as
mentioned above, lies in the fact that the I‘f/I‘n value can-
not be increasedtoa value near unity as the excitation en-
ergy is increased. This difficulty might be overcome by
assuming that the highly deformed nucleus at the saddle
point is characterized by a completely different temper-
ature parameter than at a deformation near equilibrium.
Using the general expression® for the fission width we
then find

T; = (Ty/2x) exp (—E/T,) {exp [(E — B)/T{l — 1}  (31)

or, in the high-energy limit,

Ty = (T4/2n) exp {—E (1/T, — 1/T;) — BTy}, (32)
where Ty is the temperature parameter for the nucleus at
the saddle point, and T¢ is the temperature parameter for
the equilibrium deformation,

tion can yield large values of I'f, even for nuclei having

a high barrier By. Another possible way to find a com-
mon description of the decay widths of highly and weakly
fissile nuclei would be to seek a universal level-density
function as a function of the excitation energy. Yet a third
possibility would be to use the Fermi-gas model with
level-density parameters dependent on the excitation en-
ergy, deformation, and shell structure of the nucleus. At-
tempts are currently being made®>%® to calculate these
dependences for level-density parameters in a micro-
scopic approach,.

When a parameter value 'Ilz‘f < T is used, this equa-
S

In conclusion we can point out the most urgent prob-
lems lying ahead in the development of the blocking meth-
od for measuring the lifetimes of excited compound nuclei.
The most important problem is apparently that of making
a detailed study to determine which parameter of the
blocking pattern is most sensitive to the displacement of
the compound nucleus but which is also sufficiently in-
sensitive to the effects of various interfering factors. The
success of this study will govern both the future usefulness
of the method, i.e., the lower limit on the lifetimes mea-
surable by this method, and the accuracy of the results,
Establishment of a logical basis for the method requires
a solution of the problem of determining the mean life-
time of the compound nucleus from the magnitude of the
observed effect under conditions as real as possible.
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