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Collective effects in E2 transitions are found even in light nuclei. We have sought to extend the knowledge
of this phenomenon by measuring the lifetime of the 2* first excited state of Be' at 3.37 MeV. To do this
we have used two new variants of the Doppler-shift attenuation method. The Be! was produced by the
Be?(d,p)Bel reaction and the recoiling Be!® was slowed down in beryllium or in beryllium-copper. We find
a mean lifetime of (1.420.3)X 107" sec. The analysis of Doppler-shift measurements of the type used here

is given at length.

I. INTRODUCTION

ELECTRIC quadrupole transitions in light nuclei
form an interesting study. Although the inde-
pendent-particle model in intermediate coupling gives
an acceptable account of the level schemes and dipole
transitions of the light nuclei, it has long been recog-
nized that it fails rather badly and systematically for
the E2 transitions in that these are usually several
times faster than the theory predicts. It is important
to pursue this phenomenon, very well known in heavier
nuclei, to as light nuclei as possible and to study transi-
tions between states for which the independent-particle
model gives an otherwise-satisfactory account. It is
also obviously important that the transition studied
should be one for which the model does not predict a
speed that varies rapidly with the parameters of the
model. The transition from the first excited state of
Be! fulfills all these conditions admirably as is shown in
the following paper.!

The J==2% first excited state of Be! at 3.37 MeV is
known? to decay by v emission to the J*=0t+ Be!
ground state. Using a nuclear radius constant of 1.2 F,
the Weisskopf estimate® for the mean lifetime of this
E2 transition is r=1.4X 1072 sec. Experimentally, it is
found that in the light nuclei the most likely £2 speed
is about 5 times the Weisskopf estimate with an uncer-
tainty of roughly a factor of five either way.? Without
recourse to a theoretical calculation the best estimate is
that the Be'® 3.37-MeV level has a mean lifetime within
a factor of 5 of 3)X10~13 sec. Since this is just the interval
expected for the slowing down time of light nuclei in
solids, experimental methods which depend on the ratio
of this time to the mean lifetime of Be! should be
applicable to a measurement of the latter.

There have been two previous attempts to measure
the lifetime of the Be! first excited state, both of which
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utilized methods of this sort. The first,* which used the
Doppler-shift attenuation method,>7 resulted in a 509,
confidence limit, 7<3X 10~ sec. The second attempt?®
was an investigation of the spread in angle of the re-
coiling Be!® nuclei counted in coincidence with protons
emitted at a fixed angle to the beam following the
Be®(d,p)Be'®* reaction, the spread in angle being par-
tially due to the emission of y radiation by the recoiling
nuclei and consequently dependent on the ratio of the
lifetime to the slowing down time of the recoiling nuclei.
This attempt yielded 7<8X 10~ sec where the limit
corresponds to one standard deviation from the meas-
ured effect.

We have used two new variations of the Doppler-
shift attenuation method in a successful attempt to
measure the lifetime of the BY first excited state. The
next section contains a review of the essentials of the
Doppler-shift method and a discussion of the two vari-
ants used in this experiment.

Historically, the largest part of the uncertainty in
the measurements of nuclear lifetimes by the Doppler-
shift method has been due to inexact knowledge of the
range-velocity relationship. Recent measurements have
extended the knowledge and accuracy of this relation-
ship considerably and it is expected that further range-
velocity data will be forthcoming. These data are
accurate enough at the present time to justify a more
elaborate analysis of Doppler-shift measurements than
was called for in the past. An analysis of the present
Doppler-shift measurements which makes full use of
the available range-velocity data is described in Sec. ITI.

II. DOPPLER-SHIFT ATTENUATION

The energy E of the v radiation emitted from nuclei
formed at time /=0 and moving thereafter with ve-
locity o(?), or ¢B(t), is given by

E=E[14+8(t) cosf] (1)
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LIFETIME OF Be!'*
for 8(¢1)<1. In Eq. (1) E, is the y-radiation energy for
nuclei at rest and 6 is the angle of emission of the ¥
rays relative to 8(¢). If recoiling nuclei are slowed down
and stopped in a material, then the average energy of
the vy radiation will be

E=E[14B(0)F’ cosf], 2)

where

A 00
F'=————-/ B(t)edt, A=771, 3)
B(0)J o

if scattering of the recoiling nuclei is negligible as is
usually the case. Essentially, the Doppler-shift attenua-
tion method is to measure F’ for a single stopping ma-
terial, or a relationship between F’ values for several
different stopping materials. Since F’ depends on the
ratio of the nuclear lifetime to the slowing down time
of the nuclei in the material, a knowledge of the latter
allows 7 to be determined from a measurement of F’.
For instance, in many cases the range of the recoiling
nuclei in a given material can be represented by R
=acB(t). In this case, « is the slowing down time, i.e.,
the time for the velocity to decrease to e~! of its initial
value, and

Aa F
F'[for R=caB(t)]=F= , or a= .
14+Na 1—-F

(4)

Usually the difference in vy-ray energy is measured
for two values of F’ (i.e., two stopping materials) or for
two values of 6. Then, if AE is the shift in y-ray energy,

AE

Fll—F2’=“‘——“—'
Ey3(0) cosb

©)

+1
ﬂi(E)=ﬁc.m./ [1_7_1 Cosec.m.ja(oc

-1

where o(6..m.) is the differential cross section for emis-
sion of m; per unit solid angle at 8... In this case
the average energy of the v radiation will still be given
by Eq. (2) but with 8(0) replaced by its average value
B:(E), with 8 now representing the angle of the v radia-
tion to the beam and with the assumption that F’ is
independent of 8(0) as in Eq. (4). One or another of the
many possible variations® of these two methods of
defining the average velocity of the recoiling nuclei
have been used in previous Doppler-shift measurements.

The particle-gamma coincidence method was used in
the previous attempt! to measure the Be 3.37-MeV
level lifetime by the Doppler-shift attenuation method.
The Be®(d,p)B! reaction with 3-MeV deuterons and a
thin (10 ug/cm?) Be® target was used. This method was
limited by two factors: (1) the low particle-gamma co-
incidence vield, and (2) the large background of C'
3.09-MeV v rays from C" contamination of the target.

In order to circumvent these problems we devised
two variants of the Doppler-shift method which can be

+1
‘m,)d(COSOc,m.)// U(oc.m.)d(cosec.m.),
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in the first case, and

AE

F'= (6)
EB(0) (cosf;— coshs)

in the second case.

Generally, the excited nuclei M * are formed in a
reaction of the type Ms(mi,m3)M*, and for a given
incident energy of the particles m, there is a continuum
of 8(0) given by

6(0)=Bc.m‘[1—7'1 Cosoc.m.]a (7)

where ¢Bc.n. is the speed of the center-of-mass in the
laboratory system, v is the ratio of the speed of the
center-of-mass in the laboratory system to the speed of
the recoiling nuclei in the center-of-mass system, and
fc.m. is the angle to the beam of the particles m; in the
center-of-mass system (i.e., 180°—6, . is the angle of
the recoiling nuclei to the beam in the center-of-mass
system).

One of the practical problems which must be over-
come in the conventional use of the Doppler-shift
method is to define the value of 8(0), or an average
value of 3(0), to use in conjunction with Egs. (2) and
(3) in a determination of F’. One of the usual ways is
to observe the y radiation in coincidence with the
particles m;, the latter being detected at a definite
angle to the beam. In this way 8(0) is determined
uniquely by the kinematics of the reaction.

Alternately, if the angular distribution of the par-
ticles m; is known and the angular correlation between
the v radiation and M, can be neglected, then the
average value of 8(0) which we designate by 8:(E) is
given by

()

performed using thick targets (for which the C con-
tamination is not a problem) and either singles spectra
(first method) or gamma-gamma coincidence spectra
(second method). For observation of the y radiation
alone using a target thick enough to stop the beam the
B(0) of Eq. (2) is replaced by

(B:)= /0 Ema(E)(Zf)_lﬁi(E)dE /
/0 Ema(E)(;if)_ldE, (9)

where E, is the bombarding energy, o(E) is the total
cross section for formation of M* at a bombarding
energy E, dE/dx is the stopping power of the target
for the bombarding particle, and 8;(E) is given by
Eq. (8). In Eq. (9) the angular correlation between the
v radiation and the recoiling nuclei is assumed to be
negligible,
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In general, the angular distribution data needed to
evaluate (8;) accurately from Egs. (8) and (9) are not
available. Also the correction of Eq. (9) for the angular
correlation of the v rays with M4 would sometimes be
quite difficult to assess. Thus, it is desirable to find
means of measuring F’, or a relation between F’ values,
that are as independent of {3;) as possible (first method)
or alternatively a method of defining (8;) more directly
(second method).

In the first method the energy difference AE of the vy
radiation measured at two angles, 8, and 8., to the beam
is measured for two thick targets having different slow-
ing down times for the recoiling nuclei but both con-
taining some fraction of the target nuclei homogene-
ously incorporated. Then the ratio of the F’ values for
these two targets will be given by

(Bi)2 (AE)

Rp’—_—Fl//FgI: .
(B (AE),

(10)

The average speed of the recoiling nuclei will not neces-
sarily be the same in the two materials (i.e., (8:)15% (8:)2)
since the stopping power dE/dx of the two targets for
the bombarding particles, 7, will not necessarily be
proportional to each other [see Eq. (9)]. However, it
turns out in practice that (8:;):=2(8:)2 to a very good
approximation and the difference can be corrected for
by using Eq. (9) with a quite rough knowledge of ¢ (E)
and B3;(E).

For R=acB(t), F' is independent of the speed of the
recoiling nuclei [see Eq. (4)]. We shall see that the
range-velocity relationship is not linear but close
enough so that an iterative correction can be made for
the deviation, which introduces a dependence of F’ on
B(0). Then the measurement of (AE); and (AE); can
be made to yield a value for the ratio Rr given by

)\a1 1+)\a2
r= . (11)
1+)\(¥1 )\(I2
If we now define f as as/a1, we have
fRe—1
Aey=—— (12)
f(1—=Rp)

The second method can be used when the nuclear
state for which a lifetime measurement is desired is fed
by a vy-ray cascade from a higher state and it is known
that the lifetime of the higher state is very much
shorter than the slowing-down time, i.e., F'=1 for this
state. We designate these successive ¥ rays by y; and
7v2. If the Doppler shift of v, is measured between two
angles to the beam and the shift of v,, detected in co-
incidence with vy, is measured for the same two angles,
then from Eq. (6)

F'= (Ey/Es)(AEy/AE)). (13)
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In this method (8;) has been determined by measuring
AE,. This method strictly depends on the isotropy of
the m3;—+: angular correlation.

In actual practice F’ is measured from the difference
in Doppler shifts of y; and v,. For instance, AE; is
measured and in an independent measurement the gain
is adjusted between observations at the two angles so
that the apparent shift AE, is zero. Under these condi-
tions the relationship between F’ and the apparent
shift of v;, designated by AEY, is

F'=1—AE//AE,
since, in general, AE,'=AE;— (E./Es)AE,.

(14)

III. DOPPLER-SHIFT MEASUREMENTS

The Be®(d,p)Be" reaction, which has a Q value of
4.590 MeV, was used in the two Doppler-shift methods
of measuring the lifetime of the Bel® 3.37-MeV level.
For the first method the thick targets consisted of
beryllium metal and of a copper-beryllium alloy (here-
inafter designated as Cu-Be) containing 15 at.9, of Be.
The Cu-Be target was used for the gamma-gamma co-
incidence method.

In the more commonly used Doppler-shift technique,
a single target is bombarded and the gamma-ray energy
is measured at various angles with respect to the beam
by moving the detector. An essential feature of our first
experiment, as shown in Fig. 1, is that the detector
remains in a fixed position and two target positions are
provided in order that gamma rays may be measured
at forward or at backward angles.® This scheme avoids
the type of gain changes often encountered in moving
Nal detectors. The design of the target holders is such
that in position 1 either the Be or Cu-Be target may be
bombarded or alternatively the beam may be allowed
to pass on to target position 2. For detection of the
gamma rays a 5 in. X5 in. Nal crystal was used together
with a CBS 7817 photomultiplier tube. Since the 7817
tube has a small rate-dependent gain and since the
radiations from the targets are not isotropic the require-
ment of high gain stability was met by the following
procedures. Paraffin was placed on both sides of the
counter so as to reduce the background due to neutrons

1l

Pu-Be SOURCE e Pu-Be
Be NoI i
VIA—77 =/
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mq 1 n— L e
Cl!-ﬁ PARAFFIN Cu]-Bl
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Fic. 1. Experimental arrangement for measuring Doppler
shifts of gamma rays from Be®+-d reactions. The NaI(TI) crystal
has an average angle of 17° to the beam for target position 1 and
163° for target position 2.

? This method was suggested by Rubby Sherr.
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(which is more severe when observing in the forward
direction). The Nal detector was placed slightly closer
to target position 2 such that the total counting rate of
the crystal was the same when using either target
position. Finally, a radioactive Pu-Be source, which
emits gamma rays of 4.43 MeV, was used not only for
establishing a reference line in the pulse-height spectrum
but for stabilizing the photomultiplier gain by means of
a circuit due to de Waard.! Assuming that the Pu-Be
source were to be kept in a fixed position with respect
to the detector a possible source of error in our tech-
nique would be that the efficiency of the Nal crystal
might depend on the direction of the incident gamma
rays. To check this effect for the conditions of the ex-
periment the Pu-Be source was placed near target
position 1 and a thorium source (2.62-MeV gamma ray)
was placed alternately near target position 2 and beside
the Pu-Be source. Within the accuracy of the measure-
ment (£0.19,) no dependence of the gain on the posi-
tion of the thorium source was discernible. Neverthe-
less, the Pu-Be source was always placed near the
target being bombarded in the positions indicated in
Fig. 1.

The average angles of the y-ray detector to the beam
were 17° (target position 1) and 163° (target position
2). These angles were found by averaging cosé over the
detector area by numerical integration. For the arrange-
ment of Fig. 1, then, cosf;— cosfs=1.914-0.01. The un-
certainty in this value includes an estimate of the
possible effect of a nonisotropic distribution of the «
transitions of interest relative to the deuteron beam.

The Doppler shifts of the Be* 5.96 — 0 and 3.37 — 0
transitions were investigated with the arrangement of
Fig. 1. The 5.96-MeV v ray was measured by using two
4-mg/cm? Be targets and a deuteron energy of 3.1 MeV.
The deuteron energy loss in a 4-mg/cm? Be target is
0.73 MeV at this energy. This measurement was made
for three reasons: (1) A knowledge of the Doppler
shift of this v ray for the target thickness and deuteron
energy used was desirable for an interpretation of
measurements' made on the y rays from Be®+d using
an intermediate-image magnetic-lens pair spectrometer.
(2) The Be' 5.96-MeV level has J*=1- and can,
therefore, decay by E1 emission to the Be'® 0t ground
state and 2+ 3.37-MeV level.? Thus, it is expected that
K107 sec for this level and this is assumed. In this
case, and under the conditions of the present bombard-
ment, F'=1 for this level and the Doppler shift meas-
urement amounted to a measurement of (B;) for the
Be®(d,p)Bel (5.96-MeV level) reaction. Enough in-
formation on the angular distribution and the yield
versus deuteron energy of the Be?(d,p)Be? (5.96-MeV
level) reaction is available so that (8;) can be calculated
fairly accurately from the kinematics of the reaction.
Thus, this measurement serves as a check on our ex-

10 H. de Waard, Nucleonics 13, 36 (1955).
1 E, K. Warburton, D. E. Alburger, and D. H. Wilkinson (to
be published).
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perimental method. (3) The Be' 5.96 — 3.37 — 0 cas-
cade was used to obtain the 3.37-MeV lifetime by the
gamma-gamma coincidence method. Thus, AE,; of Eq.
(14) can be obtained from a Doppler shift measurement
of the Be!? 5.96-MeV y-ray.

Spectra showing the full-energy-loss peak of the Be!’
5.96-MeV « ray and the C? 4.43-MeV v ray were taken
alternately with the two target positions. Six spectra
were taken for each target. A typical set is shown in
Fig. 2. The background has been partially removed
from the spectra of Fig. 2 by subtracting 1600 counts/
channel from the 17° spectrum and 1000 counts/
channel from the 163° spectrum. This background is
mainly due to neutrons from the Be®(d,n)B! reaction.
The two 4.43-MeV full-energy-loss peaks shown in
Fig. 2 have been normalized by a slight adjustment of
the intensity of the 163° spectrum. The 12 spectra were
recorded with a bias of 4.0 MeV (320 channels).

From a comparison of the two spectra shown in
Fig. 2 the Doppler shift of the 5.96-MeV v ray is seen
to be about 8 channels. To evaluate the Doppler shift
from the 12 spectra, each spectrum was plotted loga-
rithmically on large-scale semitransparent graph paper
and for each set the shift of the 4.43-MeV peaks were
determined by laying one plot on top of the other and
adjusting the graph paper until the peaks coincided as
well as could be determined by eye. Then the difference
in channel numbers of the two spectra was read off the
graphs. The procedure was then repeated for the 5.96-
MeV peaks. It is felt that the shift could be determined
with an uncertainty of about 0.3 channel by this pro-
cedure. The small gain changes observed between runs
were compensated for by multiplying the shift of the
4.43-MeV peak by 5.96/4.43 and subtracting the result
from the shift of the 5.96-MeV peak. The six values of

-
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F16. 2. The full-energy and “one-escape” peaks of the Be!®
5.96-MeV gamma ray and the full-energy peak of the C* 4.43-
MeV gamma ray, obtained with the arrangement of Fig. 1 using
two 4-mg/cm? Be® targets and Fq=3.1 MeV. The two spectra
v(v4e6e 1\1/'Iecvo§ded with a pulse-height analyzer bias of 320 channels

.0 MeV).
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the shift determined in this manner were consistent
with each other and yielded an average of 7.78+0.35
channels, where the internal error is given. The gain
control effected by the stabilizer circuit was such that
the largest shift of the 4.43-MeV peak between the 17°
and 163° spectra was +0.6 channel and the average
shift was 4-0.06 channel so that the measured Doppler
shift of the 5.96-MeV line is essentially the same as it
would have been if the 4.43-MeV peak had been used
only for stabilization and not as an energy reference line.

The shift of the 5.96-MeV line in keV corresponding
to 7.7840.35 channels is 95.64+4.3 keV, the uncer-
tainty is increased somewhat to take account of possible
systematic errors, and using cosf;—cosf:=1.91, a shift
of 5043.5 keV between 0° and 90° is obtained. Thus,
for this experiment, {3;)= (0.844-0.06) X 102,

The threshold for the Be®(d,p)Be' (5.96-MeV level)
reaction is 1.67 MeV. Excitation functions have been
obtained for the yield of the 5.96- and 3.37-MeV v rays
from Be*+d from E.=1.0 to 5.5 MeV."? Angular dis-
tributions for the Be®(d,p)Be® (5.96-MeV level) re-
action have been measured”® at E4=2.5 and 2.9 MeV
and an excitation curve for the protons from this re-
action emitted at a laboratory angle of 20° from E;=2.0
to 3.05 MeV has also been determined.’* The angular
distributions have the form expected for an 1,=0
stripping pattern as is the case for this level at higher
deuteron energies.? Thus, stripping is the predominant
reaction mechanism and because of the zero-orbital
angular momentum of the captured neutron in the
stripping process there will be no correlation between
the Be' recoils and the emitted v radiation insofar as
the reaction proceeds by stripping. Thus, 8;(E) can be
calculated from the angular distribution of the outgoing
protons. From the angular distributions, 8;(E) is de-
termined to be 0.795X10~2 and 0.790X 102, respec-
tively, at E4=2.9 and 2.5 MeV. From the excitation
curves a fairly good extrapolation of 3;(E) can be made
from the apparent threshold (E/~1.9 MeV) to E;=3.1
MeV. Between 2.1 and 3.1 MeV it appears that 8;(E)
= (0.7940.05)X 102, so that {8;)=(0.794-0.05) X 102
for a target of any thickness and for incident deuteron
energies in the range 2.4<E;<3.1 MeV since the yield
for E;< 2.1 is practically negligible. Thus, our measured
value for (3;) agrees with that expected from the kine-
matics of the reaction.

The Doppler shift of the Be'® 3.37-MeV level was
next investigated using the experimental arrangement
of Fig. 1. A 2.8-MeV deuteron beam bombarded targets
of Be and Cu-Be which were infinitely thick for 2.8-
MeV deuterons. Since the ratio of the shifts in Be and
Cu-Be was desired, a full set of spectra consisted of
spectra for both targets at each angle, four spectra in
all. The measurements consisted of three sequences of
8,4, and 14 sets, respectively. The three sequences were

2 ]J. H. McCrary, T. W. Bonner, and A. H. Ranken, Phys.
Rev. 108, 392 (1957).
B L. F. Chase, Jr. (to be published).
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I16. 3. The full-energy and “one-escape” peaks of the C'? 4.43-
MeV gamma ray and the “full-energy’”’ peak of the Be! 3.37-MeV
gamma ray obtained with the arrangement of Fig. 1 with the
target at position 1 and a deuteron beam of 2.8 MeV incident on
thick targets of Be (open circles) and Cu-Be (closed circles). The
spectra were recorded with a pulse-height analyzer bias of 260
channels (2.7 MeV).

taken under slightly different conditions and the last
was a good deal more accurate than the first two because
of the experience gained in these preliminary runs.

Figure 3 shows two typical spectra from the last
sequence of sets. These spectra were obtained at 17°
to the beam. The 4.43-MeV reference peak, its “one-
escape” peak, and the 3.37-MeV full-energy-loss peak
can be seen. In the last sequence the spectra were
recorded with a bias of 260 channels or 2.7 MeV. The
deuteron beam intensity was adjusted when the targets
were changed so that the counting rate stayed constant.
The beam intensity was ~0.04 A for the Be target
and ~0.1 pA for the Cu-Be target, where the ratio of
beam currents reflects the relative yields from the two
targets and is consistent with their known compositions.
The background from the Cu-Be target was slightly
higher than for the pure Be target; however, there was
no noticeable structure in this background above a
v-ray energy of 1 MeV.

The spectra were analyzed to obtain (AE)c, and
(AE)g. in the same way as the Be 5.96-MeV y-ray
data were analyzed. For the last sequence it was felt
that the shift of either the 4.43- or 3.37-MeV peak could
be read from the graph paper with an accuracy of
0.1-0.2 channels.

The values of (AE)c./(AE)s. obtained from the
three sequences were 0.844-0.09, 0.76+0.12, and 0.81
+0.028 where the uncertainty is the internal error. A
value of 0.81+0.028 is adopted. The average values of
(AE)cy and (AE)s. were 26.9+0.8 and 33.340.6 keV,
respectively. From the latter two values we get

Fel (Bi)cu= (0.417+£0.013) X 102
and
Fp.'(Bi)Be= (0.51840.01) X 102,
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We now estimate {(B8:)cs/{8:)se in order to obtain
RF' (=FcJ'/Fs.) from (AE)c./(AE)s. as defined in
Eq. (10). The data which are available for an estimate
of (8:) are the 3.37-MeV vy-ray yield curve of McCrary
et al.,'* complete proton angular distributions at seven
deuteron energies between 0.3 and 0.9 MeV,!" proton
angular distributions for the forward hemisphere at £,
=3.5, 3.0 and 2.5 MeV,' relative proton cross sections
at 150° and 160° for Eq= 3.0 MeV,* and gamma-proton
angular correlations at Eq=3.5, 3.0 and 2.5 MeV.!® The
value of (8;) obtained for the Be!® 5.96-MeV level, the
Be!® 5.96-MeV y-ray yield curve,? and the branching
ratio of the Be'® 5.96-MeV level,>!! are also necessary
since a considerable fraction of the 3.37-MeV «y-ray
yield is due to the decay of the 5.96-MeV level. Also
there are accurate dE/dx data'® for protons in Be and
Cu. From these data (8;) can be estimated accurately
enough for present purposes by estimating 8;(£) and
integrating Eq. (9) numerically. The result is (8:)c./
(B:)Be=0.9930.002 so that R'=0.81620.028. The
correction is practically negligible. From this analysis
we also obtain (8;)= (0.6740.1) X 102 for both targets.
These data will be analyzed to obtain a lifetime esti-
mate in the next section.

The arrangement of Fig. 4 was set up for use with the
gamma-gamma coincidence variation of the Doppler-
shift method which we note to be applicable because of
the lack of correlations due to the /=0 stripping
mechanism. The desire for as high a gamma-gamma co-
incidence rate as possible motivated the change to a
single target position, and thus a movable y-ray de-
tector, and also the use of poor target-crystal geometry.
Spectra were taken with the movable crystal in the two
positions shown. As before, the angle of the detector
to the deuteron beam was determined by averaging
cosf over the detector area. The result was ;= 15°, and
6= 143° with cosf;— cosf>=1.784+0.01. The deuteron
beam energy was 2.75 MeV. The Cu-Be was infinitely
thick for this deuteron energy.

A singles spectrum is shown in the lower curve (open
circles) of Fig. 5. Similar spectra were observed in the
fixed 5-in.X5-in. crystal shown in Fig. 4, and a coinci-
dence gate was set on the output from this crystal as
shown in Fig. 5. This gate included most of the “one-
escape” peak of the 3.37-MeV v ray as well as part of
the “two-escape” peak and Compton distribution from
the v ray. It also included the full-energy-loss peak of
the 2.59-MeV « ray from the Be!® 5.96 — 3.37 transition.
A spectrum observed in coincidence with this gate in
the movable crystal, which was at 143° to the beam in
this case, is shown in the upper curve (closed circles) of
Fig. 5. The enhancement of the 2.59- and 3.37-MeV
full-energy-loss peaks is apparent. The gate was chosen
so that the areas under these two peaks would be

4T, Resnick and S. S. Hanna, Phys. Rev. 82, 463 (1951).

15 S. A. Cox and R. M. Williamson, Phys. Rev. 105, 1799 (1957).

¢ W. Whaling, in Handbuch der Physik, edited by S. Fliigge
(Springer-Verlag, Berlin, 1957), Vol. 34, p. 193.
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F16. 4. Experimental arrangement for measuring Doppler
shifts by the gamma-gamma coincidence method. The movable
Nal crystal has average angles to the beam of 15° and 143° for
the two positions shown.

approximately equal. The coincidence spectrum of
Fig. 5 has an approximately 209, contribution from
random coincidences. The Doppler-shift measurement
consisted of recording two such spectra, one with the
movable crystal at 15° to the beam and one with it at
143°. For these spectra and gain stabilizer received its
feedback signal from the Be' 3.37-MeV full-energy-loss
peak. Eight measurements of the relative Doppler shift
of the Be!® 2.59- and 3.37-MeV ¥ rays were obtained in
three sequences using this technique. The spectra were
taken with an analyzer bias of about 255 channels
(2.1 MeV), the bias varied slightly from set to set.

The relative shift of the two peaks was determined
graphically in the same manner as in the measurements
described previously. With the gain of the two spectra
(i.e., #=15° and 143°) normalized so that the 3.37-MeV
peak shift was zero, the shift of the 2.59-MeV peak was
about 1.5 channels. The average of the eight measure-
ments gave a value for the shift of the 2.59-MeV line
(with the 3.37-MeV line held constant) of AE,/=11.9
+1.6 keV [see Eq. (14)]. In obtaining this result a
correction was applied to the measurement for the con-
tribution of randoms to the spectrum. The relative
contribution of random coincidences could be estimated
from the spectral shape since the B! 2.86-MeV « ray
from B! 3.58 — 0.72 (see Fig. 5) was not in coincidence
with the coincidence gate which was set on the fixed
crystal spectra. The correction was obtained from the
relation AE,=AE,— (E/E2)AE, [see discussion of
Eq. (14)] using the value of 37.840.8 keV adopted for
AE; (see below), and the value of AE; obtained for
3.37-MeV v rays in Cu-Be from the first method with a
correction applied for the different geometries of Figs. 1
and 4. From these data we get 18.621.0 keV for the
apparent shift of the 2.59-MeV peak with the 3.37-MeV
peak (random contribution) held constant. The cor-
rection amounted to an average of about 1 keV due to
an average 159, random contribution of the 3.37-MeV
v ray.

Because of the much poorer statistics necessitated by
the low coincidence counting rate, the shift could not
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be obtained as accurately by graphical analysis as was
the case for the single spectra of the first method. In
that case it was felt that the accuracy of the graphical
analysis was as good as a numerical method such as
determining centroid shifts or a curve-fitting program.
For the coincidence spectra, however, it was felt that
numerical analysis would be inherently more accurate
and so the shifts were determined by subtracting back-
ground from the Gaussian (assumed) peaks and finding
the centroid of the remainder. This method had the
advantage that it yielded an estimate of the external
error. The average shift (AE,) of the 2.59-MeV peak
determined in this manner was 10.84+0.9 keV, where
the correction for randoms has been applied. The in-
ternal error is given, the external error was estimated
to be 0.8 keV. Averaging this result with the result
obtained by graphical analysis gives AE,'=11.24+0.9
keV.

We now need the Doppler shift of the 2.59-MeV vy
ray for the same target-crystal arrangement in order to
obtain F¢,’ from our measurement of AE,’". This could
be obtained from our previous measurement of the Be'
5.95-MeV y-ray Doppler shift since the fractional shifts
of the 5.96- and 2.59-MeV v rays must be the same in
the absence of proton-gamma angular correlations which
we expect to be the case on account of the /=0 stripping
mechanism. However, as a check, the Doppler shift of
the 5.96-MeV v ray was measured again using the

arrangement of Fig. 4 and with a deuteron energy of
2.75 MeV bombarding a Be target. Three spectra were
taken alternately at each angle with the 4.43-MeV line
of Pu-Be as a reference peak. The result was 9146 keV
corresponding to 5124 keV for the shift between 0° and
90°. This checks with the measurement of 3.1 MeV from
which 50+3.5 keV was obtained using the arrangement
of Fig. 1. Averaging these two values with the shift of
4742 keV obtained from consideration of the proton
angular distributions gives 4942 keV from which we
obtain AE= (1.78+0.01)(2.59/5.96) (49+2)=37.8+0.8
keV as the shift of the Be'® 2.59-MeV v ray for the same
conditions under which AE,=11.240.9 keV was ob-
tained. Then, from Eq. (14), we have

Fco/=1—(11.240.9)/(37.84+0.8) =0.694+0.024.

This result will be analyzed in the next section together
with the result obtained by the first method to obtain
two independent estimates of the lifetime of the Be!
3.37-MeV level.

IV. RANGE-VELOCITY RELATIONSHIPS AND THE
ANALYSIS OF THE DOPPLER-SHIFT
MEASUREMENTS

The first task to be considered in this section is that
of obtaining as accurately as possible, the range-
velocity relationships for Be' nuclei in Cu and in Be.
Once these data are available, the results of the last
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section can be analyzed to obtain the Be'® 3.37-MeV
level transition probability (\) or mean lifetime (7).

The available range-velocity data which we shall use
are contained in the compilation of Whaling,'¢the dE/dx
data of Porat and Ramavataram,'” " and the range-
energy data of Powers and Whaling.®

There are no experimental data for the range or
stopping power of Be ions in Cu and Be and so we must
interpolate from the data available for the ranges and
stopping power of other ions on various stopping ma-
terials. Following Porat and Ramavataram!™® we use
Bohr’s orbital velocity 8o (=1/137) as a convenient
velocity unit in the following discussion. For the present
experiments the largest possible value of 8(¢) is 2.58¢
in the first method and 2.08, in the second method;
thus we are interested in range-velocity relationships
for B(t) < 2.58,. In Fig. 6 are shown the stopping power
versus velocity data of Porat and Ramavataram!™? for
various ions in nickel. Note that »/vy=8/B8o. These
authors also obtain similar data for He?, C'?, 0'¢, and
Ne® incident on C, Al, Ag, and Au with /292> 1. These
data indicate that for 1.0<v/29<2.0, dE/dx is propor-
tional to v/v, to a very good approximation.

In the velocity range we are considering, the stopping
power dE/dx is made up of an electronic contribution
(dE/dx), and a nuclear contribution (dE/dx),. Powers
and Whaling® quote the following theoretical estimates
for (dE/dx), and (dE/dx),:

8w NZ 87 kv
—(dE/dx).= ) (15a)
moe2 (Zl2/3+ZO2/3)3/2
. ArNZ 2 Z et aM M ,»?
— (dE/dx),= n . 5b)
M gp? (My+M)ZoZ 16

Equation (15a) is due to Lindhard and Scharff, while
Eq. (15b) is due to Bohr.22 In Eq. (15), N is in atoms/
cm?, Z; and M, refer to the moving ion, Z, and M, to
the stopping material, and m, and e to the electron. The
screening parameter ¢ is given by

a=0.885 12/ moe®) (Zo34Z213)- 112,

For the ions and stopping material we are considering,
(dE/dx)n<0.1(dE/dx), for v/vo>1; thus Eq. (15) pre-
dicts (dE/dx)=2Kwv/v, for 1<v/19<2 as is observed by
Porat and Ramavataram!'™ (Fig. 6).

Powers and Whaling found that dE/dx evaluated
from Eq. (15) agreed with experiment within the ex-
perimental uncertainty of 109, for their data for Ne

17D. I. Porat and K. Ramavataram, Proc. Roy. Soc. (London)
A252, 394 (1959).

18 D. I. Porat and K. Ramavataram, Proc. Phys. Soc. (London)
77, 97 (1961).

¥ D. I. Porat and K. Ramavataram, Proc. Phys. Soc. (London)
78, 1135 (1961).

2 D. Powers and W. Whaling, Phys. Rev. 126, 61 (1962).

2 J. Lindhard and M. Scharff, Phys. Rev. 124, 128 (1961).

2 N. Bohr, Kgl. Danske Videnskab. Selskab, Mat.-Fys. Medd.
18, No. 8 (1948).
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I'16. 6. Energy loss vs velocity (in units of ¢/137) for Het, C?2,
N, 0%, and Ne® ions in Be metal. The data are those of Porat
and Ramavataram (references 17, 18 and 19).

ions in Be in the velocity interval 0.44<2/19<1 and
gave values 10~-159, higher than their data for N ions
in Be in the velocity interval they investigated, 0.5
<v/v9<1.23. Thus, Eq. (15) seems to be a quite good
representation of (dE/dx) for 0.5<v/v9<2 and we feel
we can use it with confidence to interpolate available
data to obtain information on the stopping of Be!
ions in Cu and Be.

As a first step we find the proportionality constant K
for Be ions in Ni by interpolating the data of Fig. 6.
Note that Eq. (15a) is independent of the mass M, of
the moving ion. The information used in the interpola-
tion is shown in Fig. 7. The experimental points are
obtained from the slopes of the straight lines shown in
Fig. 6, and have an uncertainty of less than 59.17-1
The additional point at Z=1 is estimated from data
given by Whaling.'® The lowest (dashed) curve in Fig. 7
is a plot of Eq. (15a), which can be put in the form
(dE/dx) .= K ,v/vo with

Zo\ AUl keV-cm?
A }(202/3+212/3)3/2 ug

K.= 11.60( . (16)

where 4 is the atomic weight of the stopping material.

The middle curve of Fig. 7 is a plot of Eq. (15), i.e.,
(dE/dx)+ (dE/dx)n, and the upper (solid) curve is
Eq. (15) normalized to the experimental points for
Z=6—10. From Fig. 7 we obtain a value for K of
0.78+0.04 keV-cm?/ug for Be ions in Ni. Equation (16)
can be used to convert this value into one for Be ions
in Cu with small additional error since the relevant
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properties of Ni and Cu are quite similar. The result is
K (Be" in Cu)= (0.7540.04) keV-cm?/ug.

If the experimental data for dE/dx are represented
by dE/dx=Kuv/v, for 1<v/v9<2, then the range for
the same velocity interval must be given by

R(ug/cm?) = (M 1v¢/K) (v/v9—vn/20). (17)
Equation (17) follows from the relation
B JE M vdy
R=R(E)+ R+ / (18)
£, GF /dx dE/dx

The data of Powers and Whaling for the ranges of N
and Ne ions in Be and C and of N ions in Al have the
form of Eq. (17) for v/20>0.6, and for stopping in C
and Al the ranges are in good agreement with those ex-
tracted from the dE/dxdata of Porat and Ramavataram.
This is illustrated in Fig. 8 which shows the range data
of Powers and Whaling for N ions in Al and Be. The
straight line fitted to the Al data has a slope M v/ K
with K obtained from the dE/dx data.’® This fit illus-
trates that the range and stopping power data are in
agreement.

The straight line fitted to the data for N in Be shown
in Fig. 8 was used to extract a value of Mv¢?/K and
thus K. In a similar manner a value of X was obtained
for Ne in Be. These data were used to interpolate in Z
to obtain a value of K for Be' ions in Be. The informa-
tion used in the interpolation is shown in Fig. 9. The
experimental points for protons and alphas in Be were
estimated from data given in the compilation of
Whaling.!® The curves have the same meaning as those
in Fig. 7. From Fig. 9 we obtain a value of K for Be!
on Be of (2.340.15) keV-cm?/ug.

ALBURGER, AND WILKINSON

A value of K for the Cu-Be target can now be ob-
tained by converting the K values to stopping power
per atom and combining the values for Cu and Be
according to the ratio of atomic percent (i.e., 85%, Cu,
159, Be). The result is K (Be' on Cu-Be)= (0.79+0.04)
keV-cm?/ug.

Two different forms were used for the range vs ve-
locity relationship. These were

R=a(v—71,),
=0,

V> Vp
19
V<o, (19)

and

R=a[v— (2/7)v, tan'(7/2 v/v,)].

The first of these implies that —dE/dx is infinite for
v<v, and proportional to v for »>v,. The second im-
plies that

(20)

K.
+Ke(v/'v0)9

v/ Vo

— (dE/dx)= 1)

and is an attempt to reproduce the theoretical form of
dE/dx [Eq. (15)]. The two expressions for R are shown
fitted to the data for N in Be in Fig. 8. The straight
line is Eq. (19) while the dashed curve is Eq. (20). It
is seen that the latter fits the data quite well. Equations
(19) and (20) both give values for the Doppler-shift
attenuation factor of the form,

=[a/ (14Xe) 1 =8 (vi/v2) ],

where v; is the initial velocity of the moving ion. For

(22)
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F16. 8. Range-velocity relationships for N ions in Al and Be.
The data are those of Powers and Whaling (reference 20). The
fits to the data are explained in the text.
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F1G6. 9. The energy loss in Be for an ion velocity v=1vo. The
experimental points for Z=7 (N ions) and Z=10 (Ne ions) are
from data of Powers and Whaling (reference 20). The experi-
mental points for Z=1 (protons) and Z=4 (He ions) are from
data given in reference 16. The theoretical curves are explained
in the text.

Eq. (19) 6 is given by

8(vi/va)= (va/virt, (23)
while for Eq. (20), with vy;= (7/2)v;/v,, we have
1 tan=ly;
e =;,-(1+‘Yi2)“" 2./0 (cosf) e’ @)

The integral can be evaluated for integral values of Aa
and 6(y;) can then be plotted against Aa for various
values of v;. In Fig. 10 8(v;) is shown for 4 values of v..

As can be seen from Fig. 6, the proportionality be-
tween dE/dx and v/v, begins to break down for v/v,
>2.0. This does not influence the second method for
which 8<2.08, but for the first method we have
B<2.580 so that use of Eq. (19) or (20) will introduce
some error into the analysis of the first method. How-
ever, in the first method only a small percentage of the
Be' recoil have $>2.0 and mainly for this reason the
error resulting from use of Eq. (19) or (20) can be
neglected compared to other uncertainties.

For Aa>>1 or v,;/2,>>1 the two forms of the range vs
velocity relationship lead to approximately equal and
small values of &; however, for either A\aS 1 or v,/9, 52
the correction factor & is quite large (see Fig. 10) and
that due to Eq. (19) is considerably larger than that
for Eq. (20). In the present experiment v;/v, varies
from 0.25 to 2.5 while v,/ is about 0.3 thus it is rather
important to obtain é as accurately as possible. For this
reason Eq. (20) was used even though the analysis is
simpler using Eq. (19). Also, Eq. (20) appears to give
a good representation of the range-velocity data and the
theoretical expression for dE/dx can be used as a guide

3.37-MeV LEVEL. 1 2189
in obtaining the constant v,—which is presumed to be
dependent on the ratio of (dE/dx). to (dE/dx)..

The following procedure was used to obtain the
constants « and v, in Eq. (20). The constant K, was
determined by fitting K,/ (v/v) from Eq. (21) to the
theoretical expression for (dE/dx).. Then v,/vy was
determined from the relation between Egs. (20) and
(21):

va/v0= (1/2) (K./K ). (25)
This gave v,/vo=0.3 for Be in Be and 0.4 for Be in Cu.
Next the slope dR/dv of Eq. (20) was set equal to
Mw/K at v/vo=1.5. [The slope of Eq. (20) differs
slightly from « at this velocity.] The constant a was
converted to sec using the densities of Be and Cu-Be.
The result was
ape= (5.440.5) X 108 sec,
ace= (3.320.25)X 10~ sec,

f=aBe/aCu= 1.64+0.15.

(26)

Note that these stopping times are slightly different
from what they would be for Eq. (19) or for R=av.
The attenuation factors for Be and Cu were evaluated
by iteration. First § was assumed to be zero and \ac,
was found from the experimental value for F¢,’ (Sec.
III), and Aag. from Aas.= fAacy. Then § was evaluated
taking v; as ¢(8:) (see Sec. III) and A& was redetermined
from Eq. (22). Two repetitions of this procedure were
sufficient. Finally, a rough plot of the distribution in
intensity of B(0) was constructed from the available
data for the two experimental conditions (Sec. III) and
8 was averaged over these distributions numerically
using the values of Aa determined from v;=¢(8;). This
procedure resulted in d8c,=(0.0654+0.01) and dg.

F16. 10. The correction factor 8(v;) as a function of A« for
four values of v;.
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F16. 11. The factors F and Ry as a function of Aacy. The experi-
mental measurements of these factors and the resulting values of
Aacy are also indicated. In the case of the determination of Aacy
from the measurement of Rr the uncertainty in Aacy due to the
uncertainty in f (=1.64+0.15) is indicated separately from that
due to the experimental measurement.

= (0.018-£0.003) for the first method and é¢,= (0.042
+0.003) for the second method.

Applying these correction factors to the results of the
last section gives

Rp= (0.8162:0.028)[ (0.98240.003)/ (0.935-£0.001)]
= (0.856=0.03),

where Ry is defined by Eq. (11), and
F=(0.694+-0.024)/(0.9584-0.003) = (0.7254-0.025),

where F is defined by Eq. (4). In Fig. 11, Rr and F are
plotted against Aacy using Egs. (4) and (12). The ex-
perimental values of Rr and F are also shown in Fig.
11. For Rp the effect of the uncertainty in f is indicated
as well as the uncertainty in the measurement of Rp.
As indicated in Fig. 11, the measurement of F yields
Aacy=2.65+0.35 while the measurement of Ry leads
to Aacu=1.6_¢.¢t' 0.

The measurement of Fcu'(B:)cu= (0.417+0.013)
X102 and the estimate of {8;)cu= (0.67=0.1)X 102
which were obtained as by-products in the determina-
tion of Rr also give some information concerning Aac.
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Taking the ratio of these values gives Fc,'=0.624-0.10
and using 8(y;)=0.0654+0.01 gives Fc,=0.66+0.10,
corresponding to Aacy=1.95_¢ "2, This result is con-
sistent with the value of Aac, obtained from Rr and
just about as accurate in spite of the rather large un-
certainty in the estimate of (8;)cu. A large part of the
uncertainty in the value of Aac, obtained from the
measurement of Ry’ is due to the uncertainty in
f(=ase/acu) since Ry is quite sensitive to f. For this
reason the first method we have described has inherently
poor accuracy unless accurate stopping power data are
available for the two stopping materials used.
Combining the values of Aac, obtained by the two
methods with the value of acy given in Eq. (26) gives

7= (2.02=1.0) X 10~ sec,
from the first method and
7= (1.34:0.2) X 102 sec,

from the gamma-gamma coincidence method. If a
linear range-velocity relationship had been assumed,
i.e., R=acB(f), then the two methods would have
yielded mean lifetimes 50 and 139, higher, respectively.
The two mean lifetimes are consistent with each other
and we adopt

7= (1.440.3) X 103 sec,

for the mean lifetime of the Be!” first excited state. The
uncertainty has been increased by about 509, to in-
clude possible systematic errors. This lifetime corre-
sponds toa radiative widthI'y exp of (4.741.0) X 103 V.

The present result is consistent with the limit,
7<3X 1078 sec, set by Kohler! but in disagreement with
the limit, 7<8X10~" sec, set by Boyarkina and Tu-
linov.® The latter limit which corresponds to a 679,
confidence limit, resulted from a complicated experi-
ment which was difficult to analyze; also, if the latest
range-velocity data!”? are used to re-evaluate the
stopping time of Be!® in Al which enters into an analysis
of this limit, the 679, confidence limit becomes com-
patible with our result. Thus, we do not feel that the
disagreement is too serious.



