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ABSTRACT

An upper limit for the lifetime of the 3.37-iMev 2% state
of Be1o has been established by use of a Doppler shift technique,
Ber nuclei were produced by the Be9 (d,p)BeqO reaction and those
protons leaving the Beqo in its 3,37-tlev excited state were used
to select B/ rays emitted by Be1o* nuclei having a well defined
recoil velocity. The energy of the Z’Xﬂys emitted by these nuclei
was determined by scintillation spectroscopy. The experiment was
designed to look for a possible difference between the b'-ray
Doppler shifts produced when the recoil nuclei were stopped in a
metal foil and when the nuclei were allowed to recoil into vacuum.
A small statistically insignificant difference in shift was observed

which allowed only an upper limit of about 2.0 x 10-1§

13

seconds for

the half-life [mean life: T < 3.0 x 107

P d

seconds] to be inferred.
This limit to the mean life is compared with theoretical estimates
of the lifetime based on different nuclear models,

The lifetime of the 6,14-Mev '3~ state of 01® has been
measured by means of a recoil technique. The spatial distribution
of decays of recoiling O16 nuclei, produced hy the F19(p,:11) 016*
reaction, was studied with a highly collimated )/-ray detector.
Comparison with the corresponding results obtained when the 016
nuclei were stopped at the target surface by an evaporated metallic
layer provided a convenient means of determining the lifetime. A
value for this half-life of (8.6 + 4,0) x 10-12 seconds [mean life:
T= (1.2 + 0.6) x 10™12 seconds] has been found, consistent with
previously established limits. Tie measured value of the mean life

is compared with the theoretical values of the lifetime according

to various nuclear models,
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I. INTRODUCTION

One of the most powerful approaclies to the problem of
determining the properties of nuclear wave functions is to be found
in the study of the interaction of nuclei with the electromagnetic
field. Because an essentially complete and exact theory of the
electromagnetic field and its interaction with charges and currents
already exists one can, in principle at least, use experimental
information on these interactions to obtain unambiguous and very
useful knowledge of the nuclear wave functions. It is primarily
for this reason that a determination of Bh—ray lifetimes can be
of significance to the problem of improving the understanding of
the nature of the atomic nucleus, and eventually perhaps, also the
nature of the nuclear forces themselves,

A number of experimental -techniques have been developed
for the measurement of X—ray partial lifetimes or the correspond=-
ing zn-ray partial widths, These various methods differ widely in
detail and their usefulness depends critically on the order of
magnitude of the lifetime involved.

In the realm of very long lifetimes, i.e. 1long compared
to the time normally available for observation of the decay, one
would have to determine the lifetime from a measurement of the
specific activity of the decaying nuclei. For somewhat shorter
lifetimes one can actually follow the decay of the gamma-emitting
activity and obtain directly from this the corresponding lifetime.
This latter technique can, with the help of appropriate electronic

instrumentation, enable one to measure lifetimes down to the order
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of a few times 10-9 seconds. Delayed coincidence schemes, which
allow one to “follow'" the decay of a single excited nucleus rather
than that of a statistical ensemble of such nuclei, allow the
measurement of lifetimes in the range from perhaps ’IO‘J+ seconds
down to about 10-11 seconds under especially favorable circum=-
stances, Recoil techniques utilize the motion of the nucleus pro=-
duced in a nuclear reaction creating the excited state to give a
spatial distribution of decays which is then studied by an appro-
priately collimated )'-ray detector. This technique can be used
in the range from about‘10-6 seconds down to a few times 10~ 12
seconds under favorable circumstances. Doppler shift techniques
require a knowledge of the slowing-down times of recoiling nuclei

in different materials and accurate measurements of the attendant

- shift in the B’ -ray energy. This method can be useful for measur-
ing lifeﬁimes in the range from about 10-11 seconds to a few times
10'15 seconds for solid stopping materials and of course for life-
times of considerably longer-lived states if gaseous stopping
materials are used. Resonance scattering of Y ravs through an
excited nuclear state provides a means of measuring partial Bh-ray
lifetimes for ground state transitions in the available nuclear
species. Partial Y —ray lifetimes shorter than about 10~ 12
seconds may be measured by this method. Coulom? excitation glso
provides a method for indirectly measuring partial lifetimes for
ground state transitions. Under favorable circumstances states

7

with lifetimes up to 10”' seconds have been measured this way,
Finally for X rays which compete with one or more particle re-

actions, i.e. for those from unbound nuclear states, one may
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deﬁerming the X-—ray partial lifetimes from a measurement of the
“X-—ray and particle production cross sections, The useful range
of this last method is limited only by the 'Xu-ray detection
sensitivity achieved in thé cross section measurements.
The two experiments on Be10 and O16 to be described in

the following were applications of the Doppler shift technique

and recoil technique respectively.

No previous attempt to measure the lifetime of the

3e37=Mev 2" state of Be10 has been described in the literature. A
crude theoretical estimate of the value of the lifetime by the
extreme single-particle formula (1) of Weiskopf gives a mean life
of about 10-12 seconds., Typically E2 transitions have often been
found to be somewhat faster than indicated by this estimate. This
would seem to indicate that the state would be one quite well
suited to investigation by use of a Doppler shift method. It
therefore seemed reasonable to try to observe the effect on the
)/—-ray energy produced by stopping the Beqo recoils in a metallic
foil with a slowing-down time of the order of a few times 10-13
seconds., It was decided to look for a difference in Xu—ray energy
observed at a fixed angle while allowing the Be10 to recoil-into
two different media, a metallic foil, or vacuum. This energy
difference is just the difference in the Doppler shifts of the

Y —ray energy in the two media. This arrangement was chosen to
avoid the uncertainty and additional complications which would have
been introduced by changing the angle of the xu—ray detector in

order to measure the Doppler shift in a single stopping medium,

In order to separate the desired 3.37 Mev X' ray from the B, rays
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produced by other reactions, a coincidence arrangement was used
which at the same time also served to select a well defined Beqo*
recoil velocity. This feature also greatly simplifies the analysis
of the experiment.

Previous investigations (2,3) had already established an
upper limit to the lifetime of the 6.71hk=Mev 3" state of 016 by use
of the recoil technique (4), In addition a lower limit to the
lifetime had been established by use Qf the Doppler shift technigue
(2). These two limits together gave for the half-life, t1/2, the
range: 5 X 10’12 seconds £ t1/21£ 10 x 10™12 seconds.

Earlier attempts (5) in this laboratory to measure the
016 lifetime had demonstrated the necessity for placing the target
on a rigid backing, since thin foils, although they had the
advantage of allowing one tfo ﬁse forward angles and thus obtain
correspondingly higher recoil velocities, fluttered sufficiently
under bombardment to mask any effect of a very short lifetime.

The present experiment was therefore designed to use a target
evaporated onto a rigid metal backing and the decay of the recoils
in the backward hemisphere was then studied for evidence of an
effect due to a small but none~zero lifetime. FKarlier attempts

to measure this lifetime made use of foils cemented over the target
but no satisfactory method of cementing the foils onto the target
without subseguent blistering under bombardment was found.
Therefore a metallic layer evaporated over the target was used to
stop the recoils, thereby providing a means for calibration of the
apparatus, With these improvements in the target arrangement and

with further improvements in collimation over that used in the
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earlier experiment it was felt that the technique could be used
down to the order of a few times 10-12 seconds as was known to

be required from the previously established limits.
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II. DETERMINATION OF AN UPPER LIMIT TO THE LIFETIME
OF THE 3.37-Mev 2+ STATE OF Be10 BY 4

DOPPLER SHIFT METHOD

A, Experimental Apparatus and Procedure
1) Choice of experimental approach - general

There are several possible experimental arrangements for
determining the lifetime of an excited gamma-emitting state through
use of the Doppler effect. These can be roughly described as
follows:

One can bombard a target, stop the recoiling nuclei in
some material, and then simply measure the X-—ray energy as a
fﬁnction of angle relative to the initial beam direction, A know=
ledge of the angular distribution of the recoil nuclei is then
necessary toc enable one to infer the lifetime from the energy
‘ﬁeasurements. This latter requirement can be eliminated if the
recoil velocity vector is also determined, for example, by require
ing coincident detection of the X’ray with the residual particle
produced in a two body breakup of an intermediate nucleus.

One can instead, change the material in which the recoils
are stopped and measure the difference in energy of the }( rays for
different materials at some convenient and fixed angle, Again, a
 coincidence selection of the velecity of the recoil nucleus can be
used to eliminate the necessity of knowing the angular distribution
of the recoil nuclei.

A preliminary study of the feasibility of making a Doppler
shift measurement of the 3.3%7=Mev X'rey of Be10 without the use of

a coincidence arrangement was first made. A Be9 target about 10 kev
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thick to 1-Mev protons evaporated onto a chromium plated brass
backing was bombarded with 2.76-Mev deuterons. These were provided
by the Kellogg Laboratory 3 Mv-electrostatic generator and were
energy selected by means of an electrostatic analyser. The X rays
produced were detected in a 1.5-inch by 1.5-inch cylindrical NaI(T1)
scintillation crystal. The resulting differential pulse height
spectrum gave little or no evidence of a 3,3%37-Mev X’ray, because
of a high yield of neutron capture X rays and 613 X’rays produced
by the C1Z(d,p)013* reaction on carbon contamination of the target
used. Attempis to suppress the unwanted X@Tay background by
neutron shielding were not successful. This led to the decision to
use a coincidence arrangement by which one might hope to eliminate,
or at least significantly reduce, the unwanted contributions to
the zkray spectrum. As noted above this much more difficult
approach does have the additional advantage of making it unnecessary
to know the angular distribution of the recoil nuclei.

As a preliminary to the design of the target chamber and
the coincidence arrangement the yields and other relevant properties

9

of the various particle groups from Be” plus deuterons were studied

in an angular distribution target chamber previously constructed by
Marion (6). Typical differential pulse height spectra observed with
thin CsI(Tl) crystals are shown in Figures 1, 3, and 4. These particle
vgraups were observed at 2.755-Mev incident deuteron energy (Figure 1)
and at 3.024-Mev incident deuteron energy (Figures 3 and 4) with

a 0.0015-inch Al absorber in fromt of the scintillator. The target

2 ..
used, a thin unsupported foil of about TO/akgm/cm thickness,

evidently had considerable carbon and oxygen lmpurity as
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indicated by the carbon and oxygen groups present. The absorber
foils used in this study were sufficiently thick to stop the
elastically scattered deuterons as well as all eK—particle groups
from berylium, carbon, and oxygen, The identification of the
groups was made upon an energy basis and also upon the basis of
their behavior with various foil thicknesses. That this identifi=-
cation is correct is very well supported by the CsI(Tl) pulse
height response vs. particle energy calibration eurve, shown in
Figure 2, constructed from the assumed identification and known
g-values. From this study it was found that a quite pure group of
P4 protons could be separated from the various unwanted groups at
an angle of 160° or greater to the beam direction, with appropriate
stopping foils and a deuteron beam energy of about 3 Mev, The
large back angle for the protons and the high beam energy were

also desirable for an additional réason: namely to provide as large
a velocity as possible to the recoiling Be1o* nuclei, The recoil
velocity actually attained in this experiment was 1.884 x 107% x ¢
or 5.65 x 108 cm/sec. The observed yield of the proton group
corresponding to the %.,37=-Mev state of Be10 was of the order of

100 per 4 C at E1 = 3% Mev and © = 160° for the 19/4L.gm/cm2
target. The proton detector solid angle was about 1.72 x 10”3
steradians, which for the given target thickness indicates a proton
yield of about 5.3 x 104/se04/(amp/ster. Thus, for purposes of
rough orientation, a proton detector of 0.03 steradian solid angle

and a B’-ray detector with a solid angle of about 0.1 steradian

(and therefore an overall detection efficiency of about
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12%%; X 0,06 = 5 x 10-%) would yield about 1 coincidence/sec/amp

of beam current. The target chamber and target arrangement which
were constructed with these considerations in mind is described in

the following section.

2) The Target Chamber Design

A schematic diagram representing a horizontal section of
the complete target chamber arrangement is shown in Figure 5 and
the proton detector assembly is shown in a more detailed view in
Figure 7. Since the preliminary work already mentioned had indicated
that it would be desirable to detect the protons at a back angle
relative to the incoming direction beam of the order of 160° or
greater and, since larger angles would also give larger Doppler

shifts, it was decided to choose this angle to be as large as

could be practically arranged. An angle of ’!’70o was finally chosen
and with a 3/4e-inch digmeter proton detector crystal it was found
possible to obtain a solid angle of approximately 0.03 steradians
centered at that angle.

In general outline the target chamber consisted essentially
of a cylindrical tube, which housed the proton detector assembly,
and a beam entrance tube inclined at an angle of 100 to the main
tube., The axis of the beam tube intersected the axis of the main
tube at the target position., Another tube, which effectively
formed a continuation of the beam entrance tube, extended beyond
the target itself and formed the beam stopper and also a Faraday
cage for the charge collected., The main target chamber is a

2.25=~inch 0.D., lucite tube with a 1/4-inch nominal wall thickness.
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The 1,75-inch nominal inside diameter was reamed out at one end
to an inside diameter of 1.812 inches in order to provide a smooth
and continuous fit for the proton detector assembly. The opposite
end of the main tube was capped with a lucite plate cemented in
place. Another lucite tube 3.875 inches long was cemented into
the end cap. The beam catcher, a tantalum lined brass tube,was
then fitted into this tube with the vacuum seal being made by an
O-ring placed in the brass tube. This provided a distance of about
4,1 inches between the target and the point where the beam was
stopped, The side tube, which formed the beam channel tube, was
also of lucite with an 0O.D. of 7/8 inch, an I.D. of 1/2 inch, and
an overall length of about 6,125 inches. This was cemented to the
main target chamber tube in line with a 1/2-inch hole, which had been
drilled through the wall of that tube at an angle of 10°,and placed
50 that its axis interesected the desired target position and was
coincident with the axis of the beam catching tube beyond the
target. The end of this beam entrance tube, which also formed the
vacuum pumping line, was fitted with an O-ring which allowed another
tube to be inserted to make the connection to the electrostatic
accelerator vacuum system.

The target position is indicated in Figure 5 and the
_ arrangement is shown in more detail in Figure 6 which represents
a vertical section through the center line of the main target
chamber tube. The target holder was mounted on the end of a 1/8=~
inch rod which allowed vertical adjustment and rotation of the
target to be performed from outside the vacuum system. The target

rod was positioned to intersect the target chamber tube axis at the
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_correct pointiby a cap which in turn fitted into a lucite plug
cemented to the main tube, The vacuum seals were made by O-rings.
The target holder consisted of a small brass block with a 3/8-inch
hole drilled through it, and a small 0,075-inch thick tantalum

plate with a matching hole which could be used to clamp a foil in
place. The same clamp was also used to mount a small piece of
guartz at the bottom of the holder so that by raising the supporting
rod the beam position and size could be observed visually.

The target itself was a'thin layer of Be9

evaporated from

a tantalum boat onto a nickel foil of 5000 A® thickness. An
additional and ideytical piece of nickel foil was placed at a dis-
tance of about 0,015 inch from this foil and on the same side of

that foil as was the berylium target layer., This arrangement then
provided identical beam conditions at the target layer for both
orientations of the target with respect to the beam. In one position
the BejO recoils moved out into the vacuum between the foils and

in the other the recoils moved into the nickel backing until they

were stopped.

3) The Proton Detector Assembly

The proton detector assembly, shown in place in Figure 5,
. (and in greater detail in Figure 7), is a scintillator crystal and
a photomultiplier tube encased in a cylindrical brass holder which
serves as a light shield. The particles are admitted through a

0.812-inch hole whose axis coincides with that of the brass cylinder

itself.
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The photomultiplier tube chosen for this purpose was the
Dumont type 6467. This has the electrical and photoelectric prop-
erties of the more widely used Dumont types 6291 and 6292 but is
considerably smaller, an important feature for this application,
The nominal 0.D. of the photomultiplier tube is 1.25 inches and
the design and dimensions of the housing assembly were adjusted to
this dimension, 4 lucite cylinder of about 1/8~inch wall thickness
was placed around the photomultiplier tube to insulate it electric-
ally from its metal housing. This insulation was desirable because
the photomultiplier was to be operated with a negative high voltage
cathode supply and the experience of others had indicated that the
glass envelope of the tube,held at a high internal voltage with
respect to metal in contact with its outside surface, would often
give rise to serious noise pulées, presumably from electrical break-
down through the glass. This insulator sleeve was in two sections
with an O-ring being placed around the photomultiplier tube between
the two sections to provide a vacuum tight seal between the tube
and its housing.

The proton scintillation detector was a 3/heinch diameter
piece of CsI(T1l) cut and water polished down to a thickness of
about 0.006 inch. It was mounted in a recess 0,010inch deep in
the front end of a 1/2~inch long lucite light pipe. The light pipe
was rounded at the front end and then gradually transformed into a
taper leading back to a 1-inch diameter at a point where it ended
in a flange 1.25 inches in diameter and about 0.063 inch in thick-
ness., The 1-inch diameter of the light pipe at the back end roughly

matched the nominal 1-inch diameter of the photosensitive area of
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the photomultiplier tube. The outer edge of the flange fitted
into a shoulder in the brass housing piece and formed the forward
stop for the photomultiplier tube and light pipe assembly which was
held in place by reason of the vacuum existing in the target chamber.
The light p;pe also provided the electrical insulation of the for-
ward end of the photomultiplier since the outside edge of its flange
was continuous with the lucite sleeves mentioned above, The optical
couplings for both the scintillator-light pipe interface and light
pipe-photomultiplier interface were made with Dow~Corning "200%
one-million centistokes silicone fluid., Aluminum foil of 200
gm/cm2 thickness was placed over the scintillator and the forward
end of the light pipe in order to provide the maximum possible
light collection efficiency for the'proton detection system.

When the proton detector assembly was in place the scine
tillator was at a distance of about 3.812 inches from the target

and thus provided a proton detector solid angle of approximately

:E: C%)%///z%%)a (= 0.0304) steradian or roughly one four-hundredth
of the full sphere, The front end of the photomultiplier housing
was covered with a tantalum disk with a 3/4-inch aperature to admit
the protons., This disk held in place a 0.00715-inch thick Al absor-
ber foil which the previous studies had indicated to be appropriate.
A channel for vacuum pumping of the front end of the photomulii=-
plier housing was placed beneath the tantalum disk., This was made
circuitous and was also painted black to prevent the admission of
light into the photomultiplier housing. The disk extended across

most of the beam entrance aperture and a 0.111-inch hole was
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drilled through the disk to provide for the passage of the
deuteron beam and thus at the same time to provide a means for

defining the beam and its alignment.

L) The *X-Ray Detection System

A 1.5-inch diameter by 1.75-inch long NaI(Tl) scintillation
crystal was used for detecting the jr rays. This was optically
coupled with the one-million centistokes viscosity Dow=Corning
200" silicone fluid to an R.C.A. end-window type 6655 high gain
photomultiplier tube. This assembly was placed directly adjacent
to the target chamber on the opposite side of the beam tube from
the proton detector assembly, with its axis in the horizontal plane
defined by the deuteron beam and the proton detector axis (see
Figure 5). The x-ray detector axis, which,pfojected through the
target position, formed a backward angle of 156.50 relative to the
incoming deuteron beam direction. The front end of the photo-
multiplier and detector assembly was located at about 4.375 inches
from the target position which placed the median plane of the
NaI(Tl) crystal at about 5.625 inches from the target thus giving
a Yy -—ray detection solid angle of about 0.056 steradian or roughly
1/23%30th of the full sphere.

Both photomultipliers were magnetically shielded with mu-
metal cylinders and an additional iron cylinder was placed over
the target chamber section containing the proton detector photo=-
multiplier. The shields for the proton detector had to be split
along one side to allow for the beam entrance tube and it appeared

that the compounded shield of iron and mu-metal was satisfactory
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eveﬁ though i£ did not form a continuous cylindrieal covering for
the photomultiplier tube., Partial shielding of the Xﬂ-ray detector
against unwanted background radiation was provided by surrounding
the whole assembly with several inches of lead arranged so that
essentially only a conical hole was left between the target position
and the NaI(Tl)‘crystal. This aperture was in turn filled with BC,,
contained in a cloth sack, in an attempt to provide some shielding
against neutrons produced primarily at the target and in the bean
catching tube. The front end of the crystal assembly was covered
with a graded shield of tantalum and tin in order to eliminate

X rays and very low energy"x rays produced.in the target chamber.

13

A large amount of positron activity, presumably N produced by

the C1‘2(d,n)N13 reaction,was always present, A partially success-
ful attempt to shield out some of the resulting anihilation radi-
ation was made by filling all the space in the target chamber not
needed for the passage of any of the beam, ‘Y’rays, or particles
to the proton detecﬁor with lead cylinders having the requisite
channels machined into them. This seemed to reduce the anihilation
radiation background and one would also expect it to help shield
the proton detector from protons scattered from the back end of

the chamber, A lead sleeve was also fitted into the beam stopping
- tube to help suppress further 8’ rays and neutrons originating

at the point where the beam was stopped. Protons originating in
this area were completely isolated from the proton detector, except
for a small amount of double scattering which would be allowed By
this particular geométry, by the intervening beam stopping tube

and also by the lead piece surrounding the target position.



- 16 -

5) The Design and Operation of the Electronic Apparatus

A simplified schematic diagram or block diagram of the
overall system used is shown in Figure 8. The general coincidence
arrangement was of the type that has come to be known as the fast-
slow coincidence scheme. All pulses from the proton detector
~were put into fasﬁ coincidence: with all the pulses from the X—ray
detector. Pulses from the anodes of the two photomultipliers were
fed into two limiters which pfoducedoutput pulses of a standard
height and width for all input pulses greater than about 5 volts.
These were fed to a coincidence detector which selected events
corresponding to an overlap in time, or coincidence, of the two
input pulses., This operation thus accomplished the high resolution
time selection of protons and X’rays in coincidence and constituted
the "fast" part of the fast-slow system.

The proton spectra contained a great number of particles
of energy comparable to and greater than the group of interest all
of which of course produced the standard limiter output pulses
that were fed to the fast coincidence mixer, An additional
selection on the protons was therefore made by requiring that the
proton pulses have a pulse height within a given range appropriate
to that for protons leaving the Beqo nucleus in its first excited
state, This "side channel" requirement was accomplished by
amplifying the pulses which appeared at the 7th dynode of the pro-
ton detector photomultiplier and using a differential discriminator
to select thosepulses within the desired pulse height range. The
output of the differential discriminator was then fed into a "slow

coincidence" mixer along with amplified output pulses from the fast
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coinéidence miier. The output pulses from the slow coincidence
mixer were then used to open a Ygate" in a 100 channel pulse height
analyzer into which all amplified pulses from the 7th dynode of the
Y~—ray detector photomultiplier were fed.

The photomultiplier dynode high voltage distribution
resistor énd capacitor filter strings were enclosed in a small unit
built around the photomultiplier tube socket and physically separate
from the pre-amplifier and limiter chassis, The photomultiplier
anode and seventh dynode outputs were then connected to the pre-
amplifier chassis through short lengths of coaxial cable as was the
high voltage supply.

The schematic diagram of Figure 9 shows the limiter and
pre-amplifier circuit which was used for both the proton and x-ray
detector outputs. Western Electric type 404A pentode tubes, with a
8, "™~ 20mA/volt, were employed as limiters. The plate loads of these
tubes were short lengths of the 950-ohm R.G. 65/ coaxial delay line.
The termination of these delay lines was provided by germanium diodes
which clipped the negative going reflection while allowing the pos=-
itive going plate to rise to the full voltage value given by the
product of the total current switched off and the characteristic
impedence of the delay line pulse shaper. These limiter pulses,
which were about 40@/( seconds wide at their base as measured on a
Tectronix model 517 oscilloscope and of about 15 volts amplitude,
were then fed to a cathode follower cable driver, the Western Electric
type 4174 high 8n triode. The cathode follower outputs were then
fed via appropriate lengths of R.G., 114/U 185-ohm coaxial cable to

the fast coincidence mixer.
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The fast coincidence mixer used, see Figure 10, was essen=
tially a modification of a design developed by G, C. Neilson and
D. B, James (5). A 6BN6 gated beam tube was used for the basic coin-
cidence detection unit. This tube has two separate grids either one
of which, when biased below a certain voltage, will deflect the cathode
current away from the plate., However, when both grids are made pos=
itive by about 1 to 2 volts the full current is allowed to pass di=-
rectly to the plate., This current pulse produces an output signal
voltage across the plate resistor approximately proportional to the
overlap in time of the two grid pulses. The fast coincidence resol~
ving time was typically of the order of 20 to 30 x 10'9 seconds,
depending on the degree of time~overlap required., This output was
inverted by an amplifier stage and fed to a second amplifer stage
which clipped the pulses to a width of T/u. second, and finally to
another amplifier which brought the coincidence output pulses up to
a level of about 20 volts as required by the slow coincidence mixer.

It was found impossible because of the appearance of a large
amount of tube noise at about 1600 volts and higher to use the proton
detector photomultiplier at a voltage sufficiently high to operate
the limiter directly. To overcome this the anode output pulse of the
6467 photomultiplier was amplified first by three Hewlett-Packard
- distributed amplifiers in cascade and then fed into the limiter unit.
Approximately 75 feet of R. G. 114/¥ coaxial cable were introduced
between the limiter and fast coincidence mixer in the )h—ray channel
to compensate for the difference in photomultiplier transit times and
to allow for the additional delay introduced into the fast proton
channel by the three distributed amplifiers., The remainder of the

electronic apparatus was of conventional design.
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Data Taking Procedure and Typical Results

A deuteron beam current, typically about O.?E/b amp. was
to produce the Be1o recoils for this experiment. This was
by the Kellogg Laboratory 3=-Mv electrostatic generator and
was regulated in energy by an electrostatic analyzer at a
about 3,092 Mev., The resulting X’-ray spectrum was accumu=-
the 100 channel analyzer usually for a period of about one

a given target orientation. The spectrum was read out

digitally and the target was then reversed and the procedure repeated

again,with a delay of from 5 to 10 minutes between the periods of

accumulation of the Bf-ray spectrum for the recording of the spectrum.

A typical complete set of such spectra would consist of from 3 to 5

such accumulations for each of the two target orientations., Figures

11 and 12 show typical x’-ray spectra resulting from one hour runs

corresponding, respectively, to the Be10 recoiling into vacuum and

into nickel,
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B. Analysis of the Data and Discussion

Composite spectra for each of the two target orientations
were made up by summing together all the corresponding individual
spectra of a given set. Two such averaged spectra, corresponding to
recoils into vacuum and nickel respectively, are shown in Figures 13
and 14 and are shown superimposed in Figure 15, The shifts in energy
indicated by these spectra and others similarly constructed were
estimated both by a visual comparison and by an analysis of their
centroid positions. The estimated shifts for the individual sets of
spectra found by a visual comparison are tabulated in Table I. The
drift correction was made by measuring the position of the Th C" 2.62=
Mev z'-ray full energy peak before and after the complete set of
runs and assuming éhat the shift was linear with time. The average
shift indicated by this visual estimation for all such spectra re-
garded as satisfactory for analysis was + 0.022 + 0.321 channels,
where the full energy peak of the 3.57«Mev X’ray was in channel
85 + 1. The average value was constructed by weighting the individual
gsets according to the inverse squares of the errors indicated for
each, while the overall error indicated is the variance of the shifts
of these sets from this average, constructed by weighting according
to the number of spectra in each set, The maximum possible shift
(corresponding to a lifetime long compared with the stopping time)
‘that could have occurred for the actual experimental configuration

and beam energy used was 1.42‘1 0.05 channels.
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TABLE I

Shifts Found Visually for the Individual Sets of Spectra

Correction Corrected

Number Number of Shift For Drift Shift

of Set Spectra (Channels) (Channels) (Channels)
1 7 -0.1 X 0.4 +0.0 -0.1 X 0.4
2 8 -0.3 X 0.6 -0.1 -0.4 * 0.6
3 10 +*0.1 X 0.4 +0,08 +0.2 £ 0.4
4 7 t0.,5 X 0.6 *+0.0 *0.5 X 0.6
5 9 -0.2 £ 0.4 +0.,0 -0.2 * 0.4
6 2 *0.4 2 0.8 *0,12 *0.5 X 0.8

The estimated shifts determined from an analysis (see
- Appendix II) of the centroid positions of these spectra are shown
in Table II. The average shift indicated by this set of estimates

is =0.54 * 0.52 where the individual measurements have been weighted

Table II

Shifts Found From an Analysis of the Centroid Positions of the
Individual Sets of Spectra

Correction Corrected
Number Number of Shift For Drift Shift
of Set Spectra (Channels) (Channels) (Channels)
1 7 -1.50 +0.0 -1.50
2 8 ~0.21 -0.1 -0.31
3 10 ~-0.12 +0,08 -0.04
L 7 -0.12 +0.0 -0,12
5 S -0.78 +0,0 -0,73
6 2 -1.10 +0,.12 ~0.98
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accofding to the number of spectra in each set and the error indicated
is again the variance of the individual values from their mean. The
shift indicated by this method is negative. However it is only about
one standard deviation from small positive values of thé shift and
the errors corresponding to the two estimates overlap quite well,
Using the shift constructed from visual estimates, since this will
give the largest estimate of the upper limit to the lifetime of the
two methods, the relative shift is determined to be less than about
0.343/1.42 (= 04242) of the full Doppler shift available for the
experimental arrangement used, The mean life, T , can be related
to the relative shift, zﬁEobs./zﬁEmax, and to the slowing down time,
, of the recoil nucleus in the stopping material involved by the

relation (see Appendix I)

T AR

o obs
T v | BE_

From the observed data only the inequality ~1z;%;[-£.0.242 can be
inferred and one obtains from this an upper limit of 0.32 & for T .
No data on the stopping cross section for Be ions at low
‘energies has been published. Therefore a crude estimate of A for
Be1o in nickel was made by first making an interpolation in stopping
cross section, linearly with 2 at a given value of ion velocity,
‘petween measured values for Heq and 811 in air (7, 3, 9, 10). Some
lithium~ion data for air is available but does not extend to a
sufficiently high energy to be very useful. The data on He£+ and
311 are the nearest to Be1o (in 2) that one has and the linear

interpolation is of course a very uncertain procedure. Data on carbon

ions in air, for this same velocity, is also available (9, 10) and
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an interpolation linear in Z Dbetween C and He gives for B a
stopping cross section value within about 3 percent of the measured
value which, though perhaps largely fortuitous, seems to provide
some empirical justification for the procedure. This estimate of
the ratio of stopping cross section for Be and He ions in air was
then assumed to be the same for copper. He;+ stopping cross sections
are not available at this energy for nickel but at higher energies
those for copper and nickel are very nearly the same (10, 11).

The final estimate of stopping cross section for Be10 in nickel was
then computed using the already described ratio for Be1o and Heq
~and using the stopping cross section (at the appropriate energy)
for He4 ions in copper (10, 11). The estimate for o« obtained in

13

this way (see also Appendix I) is about 4.9 x 107 7 seconds. This

value coupled with the uncorrected limit observed for the Doppler

13

shift gives an upper limit for ¢ of 1.6 x 10° seconds.

| This estimate of the limit fo the 3.,37=Mev state lifetime
is subject to several uncertainties. The photomultiplier ﬁsed in
the Xn—ray detector exhibited a gain dependence on counting rate,
This was of such a magnitude as to give a change of as much as 4 or
5 percent in pulse height between the condition of a very low count-

5

ing rate and a counting rate of the order of 107 per second as used

in this experiment. In order to minimize such effects a xh-ray source
was used for several hours previous to a run to bring the photo-
multiplier to an approximate equilibrium. The beam current was also

held as nearly constant as feasible during the ensuing bombardment

in order to reduce fluctuations and drift in photomultiplier gain,
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One Would hope that these precautions, coupled with the successive
alternation of target orientation, and a small correction for any
residual drift occurring during the complete set of runs, would
reduce the uncertainty due to this feature to an acceptable level,
Most of the observed dispersion evident in the shift measurements
is believed, however, to be due to an imperfect compensation for
~ the effects of the photomultiplier gain drifts, 4 further uncertain-
ty in the estimates of Doppler shift results from actusl impurities
in the observed coincidence Xh—ray spectrum. Even the coincidence=
gated Xﬂ—ray spectrum still exhibited some evidence of z’ rays other
than the 3,37-Mev X’ray,presumably from random coincidences., These
were primarily the carbon 13 ¥y rays and neutron capture ¥ rays. In
the typical unga?ed, Xh—ray spectrum the 3.09=Mev 015 Yy ray ranged
from nearly equal intensity to perhaps one and one-~half times the
intensity of the 3.37=Mev Be1o Yy raye

In the coincidence gated spectrum the 013 5.09-Mev Yy~-ray
content seems to be reduced by a factor of at least 5 relative to
the 3.37-Mev Y =ray real coincidence spectrum. In the ungated
Y —ray spectrum there are at this deuteron energy, according to
Meyerhof and Chase (12), about 5 times as many 3.37-Mev Y rays
produced by cascade decay of higher excited states of Be1o as are
produced directly by the (d,p1} reaction. These cascade 3.37-Mev
X’ rays would also appear in the coincidence=-gated 7{-—ray spectrum
as random coincidences and should contribute about equally with the
' 013 8’ rays. The 013 3,09=Mev ){;-ray transition is known to be

an El transition and should be fast enough to give no observable

difference in Doppler shifts for the two positions of the target,
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andvhence, this Y ray would serve only to reduce the spectrum shift
as calculated by the centroid method. The shift shown by the 3.,37=-
Mev y rays produced by cascade decay would be considerably less than
-that resulting from the directly produced 3.37-Hev X’rﬁys. This
effect would also tend to reduce (for both methods of calculation),
the observed difference in Doppler shift. In view of these effects
the possible spectrum shift, which would have been exhibited by a

pure 3,37-Mev 8’ ray produced only by Be1o* nuclei recoiling in the
required direction from p1—protons, could be perhaps as much as 50
percent larger than the observed shift. This results in a corrected

13

estimate of 2.8 x 10 seconds for the upper limit to the mean life.

The transit times of the Be1o nuclei within the target layer would be

15

of the order of a few times 10~ seconds and need not be considered
in this analysis since the lifetime limit‘being inferred is much
longer than this. 1In view of all these effects a final value of

3.0 x ’IO-13 seconds for the upper limit to the 3.37-HMev Be1o state
mean 1life is quoted, which probably should be considered as an
estimate good to something like the 50 percent confidence level.

The photomultiplier gain instability has been the chief
problem in this experiment and further study to find a more stable
photomultiplier would be necessary to make a decisive improvement
. over the present experiment, A faster coincidence system could
perhaps be used if a faster scintiilator, for example NaI(Tl)
or a plastic scintillator, were used for the proton detector. This
would allow a cleaner Xh—ray spectrum to be attained with the fesult-
ing improvement in the certainty of analysis. For situations where

it is not necessary to select 3’ rays in a coincidence arrangement,
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the data collection times and the resulting gain drift problems would
be much reduced. For these cases then, one would probably best avoid
the coincidence method while the alternation of recoil stopping
material as used here would still seem to be a desirable and useful

approach.
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C. Comparison of the Observed Limit to the Mean Life of the
3.,37=Mev State With Some Theoretical Egtimates
1) The Extreme Single-Particle Estimate of the Lifetime
The single-particle mean life for this E2 transition

given by the Weisskopf formula (1) is about 10-12 seconds, This
value was taken from a nomogram constructed by Montalbetti (13) for
the use of that formula and assumes for the radium parameter, Ro’

13

a value of 1.5 x 10~ cm., However the recent experimental work

at Stanford (14) on nuclear scattering of electrons from Beryllium

13

indicates that a radius parameter of about 1.89 x 10~ cm would

be more nearly correct. This radius decreases the estimated single

particle mean life to about 4 x 'IO.13

seconds. The experimentally
determiped limit to the mean life is comparable to but somewhat

shorter than the single-particle limit.

2) The " &« ~Particle Core" Model Estimate of the Lifetime
The spins and parities of the ground and 3.37~iev states

of Be1o, 0" and 2% respectively, are such as to suggest the following
model for these states. The Be10 nucleus, when in these two states,
might be described as a Be8 K —~particle core plus two neutrons
whose angular momenta are in both cases coupled to give zero, The
first two rotational states of the Be8 oA ~particle core would then
provide the required angular momenta and parities for the ground
/state and first excited state of Be1o respectively., 1In addition
the actual difference in binding energy of these first two rotation-
al states in the Bé8 nucleus itself is about 2.90 Mev (15) and hence
the assumed rotational core of Be1O could provide very nearly the

correct energy difference for the first two states of the Be10 nucleus.
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The binding energy induced by the two neutrons (8.477 Mev (15)
relative to the Be8 ground state) could well be very nearly the
same for both states if as suggested by the model the X particles
are relatively distinct structures for both states and this binding
resulted primarily from the neutron -~ o interaction and netutron -
neutron interaction.

A rough estimate of the Xh-ray lifetime corresponding to
such a model would then be given by a calculation of the X-—ray
transition rate produced by the core alone, using for the required
energy difference that of the Be10 states themselves, The transition
rate would of course be somewhat suppressed from this calculated
valué since the neutron wave functions could not have a complete
overlap in the two states involved in this transition. The o =
particle core which is "imbedded"™ in the neutron cloud makes a transe
ition from a 2% rotational state to the O ground state of the rota-
tional series and hence a corresponding change must be induced in
the neutron cloud which would be at least partially excluded from
the volume occupied by the L particles.

If one uses a harmonic oscillator radial dependence in the
wave function and adjusts the fadial parameter to give the same r.m.S.
value to the charge distribution radius of the core as was found for

9

nucleus by the electron scattering experiments (14) one finds
15

for the mean life a value of about 8 x 10~ seconds. This value is
incidently, the minimum lifetime that could be obtained with 2 equal
to 4 and with the assumed radial dependence of the charge distribution.
The experimental upper limit to the lifetime is well above this value

and hence the experiment is not able to decide whether or not this

model should be taken seriously.
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A. Experimental Apparatus and Procedure
1) Mechanical and Electronic Apparatus

The apparatus, shown in Figure 16, consisted of a thick

o

rass target block mounted on the end of a differentially threaded
shaft by means of which the target could be moved parallel to the

beam airection in small steps across a alghly collimated z’-ray
detector, The collimation arrangement consisted in part of a 1/8-
inch thick plate of tungsten 2 inches wide by 7.5 inches long

mounted on a rigid brass block normal to the beanm direction and facing
the incoming beam., The surface of the tungsten was an accurately
ground flat face and one end was placed within about 0,050 inch of

the target block. The remainder of the collimator consisted of two
lead blocks of dimensions 2" x 4" x 6" mounted at the end of the
tungsten face, opposite the target block. One of these 5locks formed
a continuation of the tungsten face, with its 4" x 6" face carefully
adjusted to be in the same plane; the other lead block faced the first
lead block with a separation from it of 0,000 inch at the end

adjacent to the tungsten and 0.010 inch at the far end. The total
length from the target to the end of the lead collimator was
4approximately 14 inches. The effective solid angle of the collimator
was approximately 1.5 x ’IO-'L+ steradian, The target block itself was

a thick carefuily polished brass disk, 3 inches in diameter., This
target backing was a few thousands of an inch smaller in diameter

than the inside of the aluminum cylinder which formed part of the vacuum

chamber. That section of the wall of the vacuum chamber which
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separated the target from the nearby tungsten edge was about 0.02
inch thick and in addition approximately 0.02 inch separated the
aluminum from the tungsten edge. This then made it possible to keep
the total separation of the target spot from the adjacent edge of
the tungsten at not more than about 3/32 inch., It wasessential to
keep this separation small in order to make the collimation system as
effective as possible,

The differential screw assembly, shown schematically in
Figure 16 and in more detail in Figure 17, was used to position the
target plane relative to the plane of the tungsten collimator. This
assembly included a hardened steel shaft with a threaded section of
48 threads to the inch. The shaft was fitted into a mild steel plate
which in turn formed the back of the vacuum chamber and was rigidly
bolted to the framework of the collimation system. The back plate
had a hollow cylindrical section integral with the back plate extend-
ing back‘concentrically with the shaft. This section was threaded on
the outside with 44 threads to the inch. A single bronze nut appro-
priately threaded to match these two threaded concentric cylinders
was then fitted onto both the central shaft and the extension of
the back plate. The shaft was prevented from rotating by an external
clamp placed on its outer end. Rotation of the nut then provided a
finely controlled motion to the central shaft, with effectively
528 (= (1;1; - -E%)A) threads to the inch. All the threaded sections
and sliding parts were very carefully machined and fitted together
with a minimum of free play. This helped assure uniformity of MOtion
an& reproducibility of position of the target. During measurements

the target was always moved in one direction only, from a position
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ahead of the range of positions actually being studied. Furthermore
atmospheric pressure on the cross section of the shaft provided a
uniform load of about 26 lbs. working against the differential screw,
This reduced any tendency of the shaft to move erratically because.
of the friction of the shaft against the inside cylindrical wall of
the back plate and iits extension or the O~ring contained in that
wall. Tests performed with a simulated atmospheric load using a
0.00071-inch position indicator showed that this arrangement could

5

position the shaft with a reproducibility of about 3 x 10™~ inch
under the uniform conditions of the tests.

The other end of the vacuum chamber was capped by a brass
plate into which two electrically heated evaporating furnaces were
mounted. These permitted laying down either a target layer or an over=
lying metallic layer without mechanically disturbing the system.

These furnaces were in the form of a tantalum boat for the target
evaporation and a tungsten or tantalum wire for the evaporation of
the overlying metallic layer.of either gold or copper. In addition
this plate contained a sylphon bellows which served both as the
vacuum pumping outlet and as the beam entrance channel to the target.

The Xw—ray detector consisted of a cylindrical 4-inch x
4einch NaI(Tl) scintillation crystal which was mounted on a Dumont
type 6364 S-inch photomultiplier placed immediately behind the lead
collimator with its axis of symmetry directed toward the target.
Conventional pulse amplifiers, discriminators, and associated electronic
circuitry were used with this detector. The ‘X-—ray pulses from the
Leinch x 4-inch crystal were amplified and fed to a 10 channel

differential pulse height analyzer which accepted pulse heights
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corresponding to energies in the range of about 4.5 Mev to 7.5 Mev.
The Y-ray yield was also monitored by an independent 1.5-inch x

1¢5=inch Na I{(Tl) detector.

2) General Operating Procedure

The F19(p,o(1)016* reaction at the 873-kev resonance pro=-
vided the 016* recoilé. This resonance was chosen because of the
favorable production of the 6.14-Mev state relative to the other two
X-—ray emitting states at 6.9 Mev and 7.1 Mev, and also because of
its large absolute cross section for the production of that state(15).
It was also found that higher bombarding energies seriously increased
the general background from the accelerator., The targets used were
evaporated layers of CaF2 8 to 30 kev thick for the 873-kev proton
beam, OQOptimum results were obtained for a target thickness of about
15 kev.

Proton beam currents of one to two microamperes were
ordinarily employed. The proton beam was provided by the Kellogg
Laboratory 3-Mv electrostatic generator and a double focusing magnetic
analyzer was employed for energy regulation of the beam, It was
found feasible in typical operation to place the beam current with-
in an area of about 1/32 inch x 1/16 inch, approximately 1/32 inch
from the edge of the target block.
| The typical experimental run consisted first in adjusting
the screw to place the target far enough ahead of the edge of the
tungsten colliﬁator to give maximum ;ounting rate, corresponding to
the full transmission of the collimation system. The central shaft

was then backed out in steps corresponding to 18° in rotation of the
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nut in the regions where the counting rate was. slowly varying,
i.e. either well in front of the edge or well behind it; In going
across the edge however, 3teps of 90 were taken, which corresponded
to withdrawing the target in steps of approximately 4.7 x 10_5 inch.
For the situation with only the target layer eva?orated onto the
target backing 3 to 5 such runs were made in this manner across the
tungsten edge, where for each setting of the target position approx-
imateiy 59/& coulombs of charge were collected. Then a copper layer
about 150 kev thick to 1=Mev protons was evaporated onto tThe target
surface and the procedure was repeated for 3 to 5 runs with as much
as 10Q/k coulombs of charge being collected for each point. Thesé
will be referred to as the "recoil" and "no-recoil® runs, respectively,
in the following discussion. (Figure 18 shows the raw data for such
a group of '"recoil" rums.) It was found that the individual runs
within the Y"recoil" and "no-recoil' groups were in general quite
reproducible as to shape, but sometimes were displaced relative to
each other by distances ~5 x 10‘5 inch. In addition the recoil
and no-recoil groups of curves, vetween which the evaporation o the
stopping layer was carried out, were often shifted relative to one
another by about ’(O_i+ inch. The causes of these shifts were not
isolated, and will be discussed further in section C. However these
effects were not seriocusly detrimental to the analysis of the data
since the difference in shape of the recoil an& no=-recoil curves
was the significant result of this experiment.

Four such complete sets of data were accumulated whiéh
were regarded as sultable for aralysis. In addition however & con-

sidersble amount of data consisting of groups of recoil or no-recoil

]
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runs alone was accumulated. These were individually consistent with
the four sets of rums which were used but were not included because

the recoil and no-recoil runs were taken at different times and may
well have represented slightly different conditions as to target

spot size, location, and etc. 1In analyzing the data, averages of the
complete sets of runs were taken after first normalizing each indi-
vidual run by the average monitor count appropriate to that run. A
background equal to the normalized counting rate observed with the
target well behind the tungsten edge, amounting to about 10% of the
full transmission value, was then subtracted. The resulting curves
were then normalized to the same arbitrary value at the essentially
flat maximum of the curves which corresponded to the target being in
front of the tungsten edge. One of these curves is shown in Figure 19,
The theoretically constructed distribution of decays for different
assumed values of the lifetime was then folded into the no=-recoil
curves and the resultant curves were then compared with the correspond-
ing recoil curves, as is further described in section B. Such a conm~

parison can be seen in Figure 23.
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B. Analysis of the Data-General

The measurement of the lifetime of an excited nuclear state
by the recoil technique regquires a comparison of the experimentally
observed decay distribution curves with the corresponding distribution
curves calculated for various assumed lifetimes, One can proceed by
first assuming an idealized collimation system in which the collimator
is one sided and completely effective, i.e. all gamma decays occurring
on one side of a given plane have, except for possible anisotropy
in angular distribution, a fixed non-zéro probability of detection.
The number of X rays detected by such a system will then be propor-
tional to the number of y rays emitted from within the half-space
which is visible from the collimated detector and, for the conditions
of this experiment, into a direction normal to the proton beam direc-
tion. The differential distribution of counting rate as a function
of the relative displacement of the collimator and target layer must
then be determined from the above integral distribution. These
calculated distribution curves may then be folded into the experi-
mental "no-recoil®" curves, which actually measure the effectiveness
of the collimation for a X-—ray source identical with respect to its
Y —ray spectrum but with an effectively zero lifetime. The result-
ing curves will then represent the predicted "recoil" distribution
for the warious assumed lifetimes including automatically the effects
which result from the actual imperfect collimation system used rather
than any idealized system.

Usiﬁg Figure 20 for reference, the idealized distribution
curve may be derived as follows. Because of the center of mass

motion and the energy loss of the recoiling nuclei in the target



and contaminaiing laYers, as discussed below, the velocity is a
function of the polar angle,9, where © is measured with respect
to an axis along the proton beam direction and in the laboratory
system of coordinates. For an ‘excited O16 nucleus with a mean
lifetime, T , moving at an angle, ©, with respect to the beam axis
and with a velocity, v(®), the probability of decay between r and

r + dr, where r = v(©)t, is then given by

r
dr - TZv(e)y
P(r) dr =me . (1)

Next one must find the probability that an excited O16 nucleus will

emit a ¥ ray into a solid angle dfL- y at Qx ’ féx , while recoil-
ing into a solid angle dJfl at o, @. The polar angle is measured
with respect to the proton beam axis, and since by symmetry this
probability can only depend upon the relative azimuthal angle, [}
will be measured from the p-Y plane so that ﬁx = 0. This joint
probability, or correlation function, will be written as follows:

in_x afn.
U(gx) O; G, ¢) LI-’T E?T' .

From the definition of the function, U, it follows that

u(e, 0; 6, &) dIL;? 2)

=W, (0y), (2)
L ¥

where WX (QX) is the p-y distribution function, normalized so

that
d.n.x

Wy, (6y ) == = 1.
fw y ‘°y ) 7w

In this experiment only Y rays emitted perpendicular to

the proton beam axis were detected, i.e. only Y rays emitted at
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o, =9 /2. For brevity U(e_ = v s B, =03 0, @) will be

Y ¥~ 2 Y |
written U(e,d). Knowing this correlation, U(e,8), one may then
find the probability n(r, 6, #) dr alL of a y ray, detected in
a solid angle 1311-¥ perpendicular to the proton beam, being emitted

from an excited 016 nucleus recoiling into a solid angle dfL. at

angles ©, # and decaying between r and r + dr. This probability

is
r
S veerar-e AN
n(r,6,4) dr dL = 75%%57 e TV(O) U(G,ﬁ).%é%; _EEFZ; . (3)

Changing variables to z = r cos @, and’/x = cos @, the

following integral probability is found:

AN +1 2 :—%—ir——y ZWd/u_
N:_<a,°°>=:—r‘—f" Uy o ATV
[¢]

N + (a,®) is the probability of an excited nucleus decaying at a
normal distance |z‘ 2.a from the target plane, and emitting a

ray into a solid angle ZLfo perpendicular to the proton beam, the
positive sign referring to recoils in the direction of the incident
proton beam and the negative sign to recoils in the backward direce
tion. ﬁg/() is the correlation function averaged over the azimuthal

angle of the recoiling nuclei, i.e.,,
2 _
f W8 af = 2 T(p) .
o

19

In the present experiment F was bombarded with 873-kev

protons which also excite the second and third ¥ -ray emitting
states of O16 at 6.9 and 7.1 Mev. The ‘xh-ray detection apparatus

could not resolve the 7-Mev radiation from the 6-Mev radiation with
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which this experiment was concerned., The branching ratio,

N1/(N1 * Ny o+ NB)’ has been measured at this resonance (16,17,18),
and was taken to be 0.70., Therefore if N is the total number of
016 nuclei produced in these three states, then N1 = 0,70 N and
H2+3 = 0.30 N, where N, is the number excited to the 6.1-Mev state,

and N2+3 is the number excited to the 6.9- and 7.1-Mev states.
Lifetime limits have been measured for the latter two states as
follows: t1/2 5:1.7 X 10'14 seconds for the 6,9-Mev state and
t1/2 < 8 x 10'15 seconds for the 7.1-Mev state (19). More recent
measurements (20) give t1/2 = (B.B‘i 0.2) x 10-15 seconds and

t /2 = (6.9 + 0.2) x 10'15 seconds for the 6.9=Mev and 7;1-Mev

1
states respectively. These two states then decay more than two

orders of magnitude faster than the 6.1-Mev state, and therefore,
within the linear resolution of the apparatus, simply add to the

X -ray yield from the target layer.

In this experiment the target backing stopped the excited 016
nuclei recoiling in a forward direction within a distance short com=-
pared with the linear resolution of the apparatus and therefore these
forward recoils also contributed only to the X-—ra& yield from the
target layer. Combining the above results, the following expressions
are found for the number of x’ rays emitted perpendicular to the

_proton beam into a solid angle,lll\-x, from normal distances

- 2 Z_a, from the target layer itself, and for the total number:

N (a,o0) = N _41;_(L__L L 0.70 f1 oHla/uTvii) ﬁ(/n.) g——”g,,#—’— 1,

(5
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4N 1 )
Ntarget = N "Tﬁrl L0.70 fo U(/u.) -2—%%1'— + 0.30 W?B(Zz)h (6)

Ntotal = Ntarget + N_ (0,2)
_ AL : 1 a e -
= N =5=E [0.70 WX( T) + 0.30 Wy (Z£)] . (7)

Sanders (21) has measured the (p, o+ XB) angular dis-
tribution at the 873-kev resonance, and Seed and French (16) have

calculated it. From these authors the correlation was taken to be

IZ+3(9 YL 1 + 0.34 cos2 =] leading to W2+3(—7é7:-) = 0.90.

¥’ ¥
16

In the center of mass coordinate system the (X,',O )

¥

and the (X"’ 0(1) correlations will be the same since the o
particles and the O16 nuclei recoil in opposite directions. In this

coordinate system the ( s X,) correlation, averaged over the
1%

azimuthal angle,ird,of the o particle, between a Y ray at @ = %

¥

§X = 0, and an o particle at @a( is given by

= v/ . __3 1
U(@};"'e"’ZEX:O'@«) =02k T, 2 X

(438 - 284 cms2 @‘( - 138 6054 @oL

+ V10 B cosﬁ {17 + 291 cos® @OL- 1185 0034@°< + 861 cos6@°(}

+ -25- B2 { 165 + 338 cos® @o( - 2196 cos}+ @y |
+ 336k c:oss@a< - 2205 cos8 @x-g]. (3)

This correlation is derived from a knowledge of the angular momenta
involved. Bel/e was introduced to represent the relative amplitude

and phase of the outgoing g-wave to d-wave K particles respectively.,

The derivation is also discussed in Appendix ITI.
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The magnitude of cos/ﬁ is determined from the analysis of
the barrier factors (16), leaving the magnitude of B and the sign
of cos/é? to be determined experimentally. Martin et al. (22) from
a study of the (e(1, X1) correlation, combined with the results of
the (p, d1) distribution studied by Peterson et al. (23) and the
results of the (p, X1) distribution studied by Sanders (21), found
B = 0.85, cos/6 = + 0.242 with B = 0.2, 003/6 = =0,242 as possible
but less likely. Seed and French (16) found B = 0.54, cos’AB = =0,245,
In these calculations the values B = 0.35 and COS/f = + 0,242 were
used, but the other values give similar results, as will be shown
later.

Having found ﬁ(@)’ = _Zf__ 5 ﬁb’ = 03 @cL)’ one may transform

2
to the laboratory coordinate system, using Q = 1.98 Mev (15). and
remembering that we are interested in the 016* recoils. The resulte
ing correlation is defined as ﬁ(/L) where /AL = ¢cos ® and © is
defined in the laboratory system.
The 016 recoil velocity dependence upon cos © may be

calculated from the kinematics of the reaction and for backward

angles is given approximately by the following relation:

2653
- 0,297 cos ©

8

v(cos 8) = 7 x 10° cm/sec (9)

A correction must be made for the reduction of velocity of the recoil-
ing nuclei in the calcium fluoride target layer itself and alsoc in an
overlying layer of beam-deposited carbon. The overall average depth

%*
of production of the Fqg(p,cx1)016 reaction within the CaF, target

2

layer for all recoil runs was about 8 kev. In addition a layer of

carbon was formed during each set of recoil runs with an average
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total accumulated thickness of 9 kev. The average carbon layer
existing during a set of recoil runs was then taken to be 4.5 kev

thick. Taking the stopping power for protons in CaF, and C as

2
190 kev-cmz/mg and 284 kev-cma/mg respectively (11), average thicknesses

of roughly 0.04 mg/cm2 of CaF. and 0.016 mg/cm2 of carbon were found.

2

To calculate the velocity loss of the O16 recoils in
traversing these layers a range=-velocity curve for 016 in air was
constructed from the data of Blackett and Lees (24). The Bragg-'
Kleeman rule (25) was then used to adjust the range scale to the
two materials, calcium fluoride and carbon. This rule states that
for a given particle the range is approximately given by
R1 = v@;73: Ro, where R1 and Ro are in units of mass per unit
area.

An extrapolation by the Bragg-Kleeman rule over the rather
greater range from the O16 data for air to copper gives a value for
the range of O']6 in copper too large by about 30 percent compared to
the range computed from the relation, R = & v, with a value for

3

o (Cu) of (1.8 + 0.2) x ’IO_1 seconds (19) (measured at a velocity
of 2.8 x 108 cm/sec). Hence the errors made in constructing the
range-velocity curves in CaF2 and C may be of the order of 15 to
20 percent,

From these curves the velocity loss in bringing the recoils
out through the two layers successively could be determined for a
series of angles,given the initial velocity of the ion as determined
from the reaction dynamics. The results are shown in Figure 21

which gives both the initial velocity and the corrected velocity as

a function of the angle.
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Theksuppressed velocity distribution shown in Figure 21
was difficult to approximate analytically. Hence the integration of
Eq. (5) was carried out numerically, using Eq. (7) for an arbitrary
normalization to 100. Figure 22 shows the decay distribution curves
computed for the idealized and perfect one-sided collimator for

assumed half-lives of 0, 4, 8, and 12 x 10-12 seconds,
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C. Results and Discussion

Table III lists fhe half-life values determined by comparing
the experimental decay distribution curves with the curves computed
as described in Section B. (As noted earlier one such comparison

is illustrated in Figure 23.)

TABLE III

Measured Half-Life Values

12 Relative weight on
Number of run group t1/2 (in 10 seconds) basis of number of
points taken

1 7
2 1 1
3 5 16
4 12 18

The overall mean value of the half-life, weighted as indi-
cated, is 8.6 x 10-12 seconds, where the standard deviation of the
above values is 3.6 x 10-12 seconds. However, because of the approxi=-
mations in the construction of the theoretical recoil decay distri-
butions, resulting primarily from uncertainties in the range-velocity
relation for the 016 jons,and the uncertainty in the determination
of the best fits of the folded distributions to the observed distrie
butions, the probable error will be quoted as 4.0 x 1642 seconds.

A further source of uncertainty in the analysis arises from
the ambiguity in the choice of the relative amplitude and phase,
Beiﬁg, for the outgoing d- and g-wave ol particles. A measure of the
effect of the various suggested values of B and cos/xg is given in

the following table, where N (0,%) 1is the relative number of
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3( rays emitted perpendicular to the beam direction from nuclei re-

coiling in the backward hemisphere (N = 100.0), and GZ is the

total
mean 2z component of velocity in the backward direction of these

recoils.

TABLE IV
Effect of the relative amplitude and phase,Bege, of the out-
going d- and g-wave O particles on N_(O, ), the number of Y rays
emitted perpendicular to the beam direction from nuclel recoiling
into the backward hemisphere, and on ;z the mean 2z component of

velocity of these recoils.

B 005/3 N_(0,90)(in %) ;z (in 108 cm/sec) ;zN-
0,85 +0,.242 16.8 k 0.62 10.4
0054 ‘0021“1'5 1607 0'63 1005

0920 "'0.21'"2 15.1"‘ 0.59 901

The product, GZN_(O,OO), gives a crude estimate of the relative
positions of the centroids of the theoretical decay distributions

for the various choices of Bei/g. Compared to other sources of error
in the experiment it would appear that this ambiguity should not be
_regarded as very serious.

A source of error not considered so far is a possible
blistering of the covering layer of copper due to heating during
bombardment, This effect would allow the recoils to leave the target
layer to some extent. After the runs were completed, the target spots

were examined visually under a microscope and they appeared to be free
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of Such effects at the time of inspection. This does not completely
eliminate the possibility of the blistering appearing only during

the bombardment followed by recovery at its termination, but it

seems unlikely that such blistering would disappear without any

trace. Another possible effect having to do with the target structure
was indicated by the noticeable decline in counting rate as the
bombardment continued. This may have been due to loss of fluorine
from the target layer which would therefore be changing in effective
composition. This could well give rise to a somewhat different

energy loss for the escaping 016* recoils than was actually allowed for
in the analysis, Temperature changes in the various parts of the
mechanism could cause changes in the relative positions of the target
and collimator during a run. Temperatures were not monitored; howe
ever, because of the large cross section of the shaft it is difficult
to see how any significant differences could be maintained along the
shaft. Effects due to overall temperature changes were also believed
to be insignificant because to a reasonable approximation the thermal
expansion of the shaft supporting the target was in turn compensated
by a corresponding expansion of the shaft positioning parts. The
overall shift of one run relative to another sometimes seen, as noted
already, might have been due, at least in part, to a slight realign-
~ment of the shaft in its supporting c¢ylinder which occurred during

the resetting of the target position preceding each run. Such effects
were not believed serious because it was consistently observed that
the shapes of the curves were in good correspondence, i.e, the |
unexplained shifts did not occur during a run, which involved only a

slight turning of the bronze nut for each successive point, but
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rather between‘runs when the nut was completely repositioned, amount-
ing to about 10 full revolutions., The evaporation of the metallic
recoil stopping layer which took place between the recoil and no-
recoil runs involved a considerable, though temporary, increase in
temperature. This might have introduced some of the shift between
the recoil and no recoil groups through a redistribution of the
lubricating layer in the threads of the differential screw., A thinning
of the lubricating layer occurring between the two groups of runs
would have been consistent with the observed direction of the shift,
Again this was not very serious because the experiment required an
analysis only of the relative shapes of the curves.

Some possible means of improving the accuracy of and the
lower limit of lifetime attainable by the recoil technique should
be pointed out. The collimator lead blocks could be moved closer
together, provided that the reaction under study had sufficient
yield. A factor of two reduction in the separation of the blocks
would steepen the slope of the transmission curve by a factor of
two near the top of the edge, and would give a relatively much
larger difference in transmission at the toe of the curve. This
would then provide a much greater distinction in the shapes of the
‘curves given by the recoil and no recoil runs. In addition, it would
be desirable to make some arrangement, perhaps optical, to measure
independently the relative separation of the target and collimator
rather than to use only the setting of the differential screw to
determine this quantity.

Other critical features of the technique are the target

flatness and parallelism with the collimator, beam position relative
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to the collimator, target thickness, and carbon deposition on the
target, With the suggested changes in the collimator and position
measuring system, and with careful attention to the above noted
critical items, it should be possible to reduce the uncertainty in
measurement of lifetimes of this order of magnitude by a factor of
two or three, Accordingly this would allow the measurement of

correspondingly shorter lifetimes.,
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D. Comparison cf the Observed Mean Life with Various Theoretical
Estimates for the 6.14-lMev State.

The single-particle limit for the mean life of this state,
as given by the Weisskopf formula for 8fray transition rates (1), is
2.1 x 10-10 seconds, where the radius of the 016 nucleus has been
taken to be 1.36 X (’16)1/3 x 10713 cm, in agreement with the indica-
tions of recent electron scattering experiments with light nuclei
(26, 27, 28). The measured value, (1.2 # 0.6) x 10-11 seconds, is
shorter than this estimate by a factor of about 17 and hence indicates
very strongly that this transition is not of a single-particle nature.

The CK-—particle model for the 016 nucleus has been worked
out in considerable detail by Kameny (29). He gives an estimate of

3,2 x ‘lo"11

seconds for the 6,.14-Mev state lifetime using K -~particle
wave functions which had already been adjusted to give a reasonabler
fit to the known O16 level scheme. The experimental lifetime is still
somewhat shorter than this value and indicates that, while the static
preoperties of the 016 states of O16 can be accounted for fairly well
by ol ~particle model wave functions, the dynamical aspects of these
wave functions may still be in error., This conclusion is supported
by a comparison of Kameny's calculations (29) of the transition rates
for the low lying O16 states and the corresponding experimental values
for these rates.

Shell model estimates of the lifetime have been about an
order of magnitude too long. Elliot and Flowers give a value of’
1.2 x 10—10 seconds,based on their shell model calculations (30).

This result and a similar result by R. A. Ferrell (31) indicate that

the shell model wave functions, as developed so far, still do not
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give‘a sufficiently detailed description of the O16 ground state and
6. 1h4=Mev excited state.

In view of the apparent difficulty in finding nuclear wave
functions which will give this very fast transition rate Ferrell (31)
and Lane (32) have calculated the maximum possible value which could
be obtained with a stric£ shell model ground state wave function
(doubly closed shells of completely uncorrelated individual nucleons)
and the most general possible wave function for the excited state,
The E3 operator was applied to the above ground state to generate
directly that specially constructed excited state wave function which
would have the maximum possible E3 transition rate to the assumed
ground state, One half of this sum rule limit represents transitions
to all the T = O excited states, includiﬁg the 6.14=-Mev T = O state,
and results in a corresponding lower limit of about 2.2 x ’IO"’H
seconds for the mean life., The above limit, which results from the
use of pure oscillator wave functions a (15)2 (1p)6 proton configur-
ation and nuclear sizes determined from the electron scattering
studies (26, 27, 28) at Stanford University in the evaluation of the
required matrix element of r6, is in disagreement with the measured
value by roughly a factor of two. Thisrule unrealistically assunmes
no nucleon-nucleon correlations and hence any such disagreement is
not at all unreasonable. However, in addition a more general ground
state wave function can be considered (31, 32) by using another
electric octupole sum rule which can be derived, for insténce, in
the same manner as was done for an electric monopole sum rule (33).
That sum rule makes it possible to calculate the maximum possible E3

transition rate independently of any assumptions as to the correlations
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of ﬁhe nucleons in the O16 ground state as well as in the excited
state. This maximum possible transition rate computed, as before,
for the T =0 to T =0 +transitions and with the use of the same
ground state wave function in the evaluation of the required matrix
element of r4, corresponds essentially to an absolute lower limit
of about 3.8 x 10-12 seconds for the mean life, Ferrell (31) has
also pointed out that if one were to use some exponential tail in
the radial wave functions, these limits would be further decreased,
perhaps even enough to remove the discrepancy noted with the first
considered sum rule,

Hence, while the various nuclear models noted above all
give lifetimes rather longer than the observed value, there seem to
exist possible wave functions for the two states involved which would
have an E3 matrix element between them large enough to give the
observed short lifetime. From the second sum rule,and the fact that
the next 3 state (very probably a T = 1 state anyway) seems to
be at about 12 Mev, it appears that the E3 width to the 6,14-Mev
state must represent at least one half of the total E3 width of the
016 ground state to all T = O excited states of 016.

A further and more detailed discussion of the two sum rules

vsed in this section appears in an Addendum, pages 85 - 88.
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APPENDIX I.
The Relationship of Bf-Ray Lifetime to Doppler Shift,

Slowing=-Down Time, and dE/dx

The mean Doppler shift in energy of a X ray emitted from
a nucleus produced in an excited state at t = O and moving there=-
after with a velocity v(t) 4is given, to a good approximation for

-‘§<<1, by

0 /%
AEX = E§ cos © j ° = "<Z) dt. AT(1)
(o}

Here © 1is the angle of emission of the zlray (in the laboratory
system) relative to the direction of v and E; and T are
respectively the center of mass B’-ray energy and the mean life of
the X’-ray emitting state.

An approximate relation, for ions of velocity in the range

of a few times 108 cm/sec,, between their residual range, R, and

velocity, v, is given by

R= K v, AI(2)
. . . . dR dv S .
Using this, one has immediately rrii O“Ef and hence it

follows that

v(t) = v, e-tﬁ*

. AT(3)

. With this form substituted for v(t) in eq. AI(1) the integration

results in

T + oL &
0 ”e- T Yo max ol
AEV = Ey cos @ Jo = - dt = AEU cos © i

AT(H)
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. : v
where AEI;aX (= -52 E% ) is the maximum Doppler shift that could
occur. One could now measure EX at two different values of cos @
and then determine the ratio
bs
AES
X )
AEX (cos GZ - CcoS 91)

from which, given o( , the mean life, ¥ , can be found.
Alternatively cos © could be held fixed and a difference

in Doppler shifts then measured for recoils traveling alternately

into two different media of slowing down times, 0(1 and cz_z,say.

Then the following relation is found:

AEo“bs ol ol
¥ = Z_ . 1 AT(6)
AE]:,ax cos © T+ 0(2 T +°<1

which, for the often occurring situation where one of the media is
simply vacuum (with 0(2, say, = ©@) reduces to the particularly

simple form

obs
mAEx -1 - {;i1 - Q:'Zd . AT(7)
AExax cos @ ®1 + %9

This latter situation is the one that corresponds to the experimental
érrangement employed in this research to study the lifetime of the
first excited state of Beqo.

In the event that the lifetime is short compared to the
slowing down time, as appears to be the case in the Be1o experiment,
essentially fhe same relationship, AI(7), can be shown to exist even

without the assumption, R = olv., Note that if one lets R = f(v),

then in the neighborhood of v = Vo the range-velocity relationship
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can be represented by

R=o{v + Ro, AI(8)

where o =-Q£LZl and R is a constant. This in turn
dv V=V o

results again in AI(3) and hence in AI(4) to AI(7), the latter

relations becoming exact in the limit of very short lifetimes. Thus

for such a condition one needs to knwonly the stopping cross section

for the ion being studied at, or in the neighborhood of,its initial

velocity.

The relationship between dE/dx (= € ) and ol may be

established as follows. From E =-% Mv2 one finds
dg . dv _ . dv
& = 3% ° My = M-ag ' AT(9)
and assuming that _QE = - — it follows that
ng at - T X
Mv Mv
E_..—-&—- or O((v)-“m. AI(10)

The reader is referred to a paper by Devons (2) for formulae for
the case where AI(2) is still assumed and the stopping material

consists of two layers of different materials superimposed.
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APPENDIX IX

The Relation Between Doppler Shift and Centroid Shift of a

Spectrum

The Doppler shift of the observed zr-ray spectra can be
considered, to a good approximation, to be a linear translation of
the pulse height curve., This follows because the pair and pair plus
one peaks of the spectrum have the same difference in energy from the
full energy peak for both the shifted and unshifted spectra., The
Compton edge, for high energy 5’ rays, also has an energy difference
relative to the full energy peak that is almost independent of the
Doppler shift of frequency. The Doppler shifted curve is then just
the unshifted curve translated by an amount Dx.

If the centroid, xé, of that part of tﬁe%@ectrum, N(x),
which appears within a fixed pulse~size "window' extending from X4

to x is computed, omne has

2
*2
f x N(x) dx
*q
x' = . ‘ AII(D)
(e} X2
Jﬂ N(x) dx
X4

A similar expression for the centroid, xg, of the curve shifted
“toward increasing X by an amount Ax, is obtained by replacing
N(x) by N(x - Ax) in the integrals from X4 to X Correcting
the shifted centroid for the contribution of that portion of the

curve which moves past the fixed window edges, the following

expression is found for ZSX:
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. X2 X2
j xN(x=- Ax) dx =~ Lx1N(x1) - XZN(XZ)]AX f xN(x) dx
X x

1 1

X2 - XZ *
f N(x=- Ax) dx - [N(x,‘) - N(xz)]Ax f N(x) dx
*1 *1

In writing this relation it has been assumed that variations in
N(x) within Ax are small compared to N(x) itself., First

reducing the above to an expression linear in Ax one finds

x2
f xN(x~- 4x) dx

%1

2
f N(x=- OHx) dx
x

1

X =

)
j xl(x- 4x)dx
- Ax 4"1 N(xq) - %,NCxp) *1

- LN(Xq)‘N(Xa)j Xa 5
' N(x=- Ax)dx

X2
f N(x~- Ax) dx (j
VX x
X

1 1

2
xN(x) dx
*1
X

2
f N(x) dx
X

1

Then solving for Ax and using the relation, AII(1), the following

. AII(3)

" results:
~ 2 =
i x- Ax)dx
| Lx N(x ) =x,N(x,)] Jx
AxX = (X% - X:))< 1 + ;2 1 2 2 - LN(XI')"N(XZ)J ;2 “2“?.
f N(x- Ax) dx (j N’(X-Ax)dx)
L *q *1
~/

ATI(h)
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This equation now represents the desired relation of the centroid
shift, (xg - Xé), to the linear translation, Ax, of the curve.

The above correction factor which gives the shift of the
curve, given the centroid shift, can be quite large when the amplitude
of the significant features of the function N(x) are not a large
fraction of the function itself within the window used. Tor the

10

spectra of the Be 3.357=Mev X ray found in this experiment,that

factor is about 3.0,
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APPENDIX III
The (X T X’l) Correlation Function for the

F19 (p; cl1, a/,') 016* Reaction

The correlation function U(@X . E\(; @ot.' §0L) alL d_ﬂ.d_

¥

gives the joint probability, per nuclear de-excitation, of the simu-
at @
Y Y’

and an { particle into a solid angle d—n—& at @u,iou

ltaneous emission of a X ray into a solid angle of d.L
g
where the capital Greek letters refer to the center of mass coordinate
system with the proton beam chosen as the z-axis. Furthermore this
correlation has the property that if it is integrated over the
coordinates of the X particle the b/-ray distribution is obtained,
and vice versa,
. . . . 19 16*
The reaction used in this experiment was the F (P¥d1, X1>O

reaction at a proton bombarding energy of 873 kev., At this energy

a compound nuclear state in Nezo with J¥ = 27 is formed by p- and

‘ 1 * 19, 5 1% _
f-wave protons (£ = 1,3; s = ) ) and F (J* = 5 } (15). The proton
and F19 spins can combine to form channel spins O and 1. Neao

(JI’T = 27) then decays into d~- and g-wave o particles (£' = 2,4) and
016*(J7( = 3 ) which then emits an electric octupole X ray.
In the present experiment one is interested in X rays

emitted perpendicularly to the proton beam and for convenience a new

’z axis (z') is chosen perpendicular to the proton beam and along the
x-ray direction. In this coordinate system the coordinates of the
proton are @:? =7 /2, Ei} = 0, and the coordinates of the O(particle
are @', _Ioz, where @o'( is the angle between the o particle and

the b/ray and io'( is the angle between the p-X plane and the
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o{-g plane, The correlation now may be written as a function only

of the O -particle coordinates and is given by:

1 5
1+B2

v@y, ) =%—L; ATTI(T)

25 + L6 cos® @o'( - 55 c«as}+ @o'( - cos® 2 (2h - 24 cc>sZ1L @o'c)

10-151 0052 @O'L + 440 cos}.’r @O'L -315 cos6 @G'L
+ 10 B cos/@
-cosa§_'(11-77 cos” @ + 185 cosq@' - 1’1900"6@')
oL oL 8 ® P
4+109cosz@a'( - 286c0s" @, + 189cos6 @y
+ %Bz )
_cosafo"(B-#Zcosz @a'( +51‘+()cas£Jr @a‘c-?l&&:osb @O'L+4410058@2)

b

It has been assumed here that only the p-wave protons contribute
significantly and this in turn allows only channel spin 1 to con=-
tribute. Bei/6 represents the relative amplitude and phase of the
g~-wave and d-wave outgoing o particles. This correlation has been

normalized so that

| f v@r, &) ke _ 24+ 958" . ATTI(2)
pr % T MU T 00 489
which in turn is equal to “‘5&8(@3: %(-), where @X is the polar
angle of the K ray measured with respect to the proton beam di=
rection. Finally, transforming the z axis back onto the proton
beam, and averaging over the aximuthal angle of the oL particle

in the unprimed system, one is led to Eq.(8),

1
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ADDENDUM

On the Sum Rules Involved in the fAnalysis of Section III. D.

In order to obtain the first sum rule to be considered here,one
must first express as a matrix product the expectation value of the
absolute square of the appropriate multipole operator for the electric
charge distribution (electric octupole in this case) in the ground state

of the nucleus of interest. The result is as follows
.z m Z m
Cleg, Y, e l*o>= Sidle 3 Y (ol A
i= n i=

where e ii r?_ Y?(ei ,¢i) is the electric octupole operator, and the index,
i, ranges“over the z protons only. If the approximation is made that the
nucleon motion is completely uncorrelated, then the left hand side of this
equation can be evaluated since the cross terms in the angular variables
will cancel out, giving rise to the expression E; z<§|r6|§30r equivalently,

when & = 22 ag for O16

, %;AK@|r6]§>, where nows for convenience, the
index on r has been dropped and the result of the summation indicated by

the factor =z. Thus, one arrives at the following form for the sum rule,

% m 2
Shele 3 7Y @810 = gl ATV (2)

which gives the sum of the absolute squares of the E3 matrix elements
between the ground state and each of the excited states of the system
(the left hand side of the equation) in terms of the expectation value of
ré‘in the ground state, where r is the radial position of charge in the
nucleus. {See also the text of this thesis (page L9, for a somewhat |

different emphasis on the nature and derivation of this sum rule.
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When one is interested in using this sum rvile to fix limits to
gamma~-ray transition rates between states of zero isotopic spin, as in
the case here, where the sum in A IV (2) is to be restricted to excited
states of zero isotopic spin, then the right hand member of that equation
should be reduced by a factor of two. This can be seen from the following
argument. The electric charge operator for the nucleon can be written
as 5 (1 +T;) and at the same time the sum in the left hand side of A IV (1)
extended to all A nucleons. However, only the isoscalar part, %, of the
charge operator can contribute to a zero to zerc isotopic spin transition,
and hence, when the E3 operator is squared and summed over all A nucleons,it
gives for the required expectation value (%)z'g'(= %'when A = 2z) times
the corresponding result obtained when all excited states are counted.
This restricted sum rule, then, is the one used to obtain the lifetime
limit given in the text. (See page L9 for the further assumptions involved
in that calculation.)

Another sum rule which is very useful for such a problem as this is
one involving the evalustion of <Q|r*|0> rather than the ©]+°|® required
in the above sum rule. The derivation given below follows that
given by Ferrell (33) for an electric monopole sum rule.

Firsty consider a function B, of the form B = :; g; where g; is a
function of the spatial coordinates of the ith nuclezn alone, and evaluate
the double commutator, [B,[H, B|], where H is the Hamiltonian of the

nuclear system. This results in
[Bs[Hs B]] = 2BHB - BBH - HBB. AIV (3)
Now, take the expectation value of these quantities in the ground state

of the system, and remembering that H is diagonal when the representation
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used is the set of eigenstates of H, one obtains the following
@“:B: [, H] |O> = % (2B onnPro = BonProfloo = HooPonlno? =

§2|<n|B|€>|2(Hnn -H )= §:2|<n|B|O>|2 o ATV (L)

2
Using for H the form,~% EE Vij - :8 %ﬁ§7i’ the left hand member of
ij i
if]

2 ,
4 IV (L) may be readily evaluated to give‘%r<@|‘ >V |2|§>, where
< v

181
we confine ourselves to T = O to T = O transitions so that we need only
the isotepic spin independent part of B which will commute even with

the exchange part. of Vij; otherwise a correction for exchange forces is
necessary. No assumptions as to the internal nuclecn-nucleon correlations
have been made. If now, the functions, g;s are specified to be the E3
multipole charge distribution operators and the sum is carried out over

the z protons,then the following sum rule results

Skele 3, _Z 3Y (6,919 P = E2 64

A1V (5)

glﬁ ﬁ(@ |@> (when A = 23,

Following the same argument as presented above, the right hand member
of this eguation should be decreased by a factqr of two (assuming A = 23)
when considering zero to zero isotopic spin gamma-ray transitions. Again,
the remaining details of the calculation of the lifetime limit, obtained
with this sum rule for the 6.li-lev transition in Olé,are discussed in
the text.

It is perhaps of some interest to note that the first sum rule, as

reduced to the form given in equation A IV (2), gives directly the sums
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of squares of the matrix elements of the E3 operator, but requires the
assumption of no nucleon-nucleon correlations. The second sum rule,
however, requires no such assumptidn as to ecorrelations, but involves
instead, the introduction of the energy difference corresponding to
-each E3 transition matrix element. Thus, on one hand, the use, in
practice, of the first sum rule is limited by the lack of knowledge of
the internal nucleon-nucleon correlations in the ground state. On the
other hand, the use of the second sum rule is similarly limited,Jbut the
limitation now appears instead in the form of the lack of knowledge of
the energy spectrum of the states of the system,

A further discussion of various sum rules and their uses has been
given by Blatt and Weisskopf (3k4) and, in addition, Sachs and Austern (35)
have presented an interesting discussion of sum rules for electric

multipole radiation.



