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ABSTRACT

The Doppler shift attenuation method has been used to study the
Tifetimes of some levels in P30. These Tevels were populated by reso-

nances at proton energies of 1505, 1643, 1686, 1773 and 1775 Kev in the
Sizg(p,y)P30 reaction.

P +3100 +45 +3000
Lifetimes of 360 505 fss 85 5y fs, 3826 fs, 2000_800 ’
105

and 215f65 fs were found for the levels at excitation .energies of
1.974, 2.936, 4.142, 4.231 and 4.624 Mev respectively. Upper Timits
of <14 fs, <15 fs, and <47 fs were set on the lifetimes of the
3.020, 4.182 and 4.501 Mev levels respectively, while a lower limit of
> 1100 fs vas set on the lifetime of the 0.709 Mev level.
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CHAPTER 1

INTRODUCTION

1.1 Review of Some Sizg(p,xlg§0 Properties

At the time when these Sizg(p,y)P30 experiments were undertaken,

very Tittle was known on the lifetimes of excited states in P3O.
Kennedy et a].]) had measured the lifetimes of the first two excited
levels via the A127 (a,n)P30 reaction and had found them to be

v (0680 Mev) = (1.55+.3) 10" sec and  + (0.709 we) 3110 2sec, but
the Tifetimes of the other levels were unknown.

In 1963, Moorez) studied the decay schemes of ten résonaﬁces in
the range Ep = 1100 - 1800 Kev. Similar work-has been done by Val'ter
et a]3) on the Ep = 1308 Kev resonance and by Phelps et a14) on five
resonances in the range Ep = 1470 - 2120 Kev. Endt and Van der Leuns),
Who reviewed the properties of the P30 nucleus, gave a comprehensive
view of the decay schemes of the resonances up to Ep = 1772 Kev.

By far the most detailed investigation was done by Harris et a16),
who studied the Ep = 730, 917, 1302, 1470, 1505, 1686 and 1748 Kev
resonances, giving a clearer picture of their decay schemes and branching
ratios. Vermette et a17) used the S1'28(He3,p)P30 reaction to study
decay schemes of bound Tevels in P30.

The experimental work described in this thesis is concerned with
the determination of the lifetimes of Jevels in P30, using the Doppler

shift attenuation methed. Recently, it was learned that Harris et a18)
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had determined the 1ifetimes of sevéra] levels in P30, and had made
some clarifications in the decay schemes of some resonances. Their
rgsu]ts, along with those of Kennedy et al. are tabulated in table 1.

Three levels whose 1ifetimes have not been determined by Harris
et al. were investigated (Ex = 3.020, 4.182, 4.501 Mev) and Timits
were set on their iifetimes. Also, other levels which had been inves-
tigated by Harris et al. were studied, some via resonances different
from those used by them to determine lifetimes.

The Tifetimes of the nuclear levels measured in this work were
obtained by means of the Doppler shift attenuation method (Devons et a]g),
which, for the study of proton capture reactions at these bombarding
energies, was made possible by the high resolution of the Ge(Li) gamma-

ray spectrometer.

1.2 The Resonances Used to Determine the Lifetimes.

The resonances used to populate the P30 Tevels were at proton
energies of Ep = 1505, 1643, 1686, 1773 and 1775 Kev. The decay
schemes which were used in interpreting the gamma-ray spectra are those
given by Harris et a1§’8) Table 2 summarizes some of the properties of

these resonances.

A. The Ep = 1505 Kev Resonance

This resonance, Which Harris 8) has found is actually a doubiet,
with a weak member at Ep = 1502 Kev was studied to determine the scope of

the Ge(Li) gamma-ray spectrometer in studying radiative capture reactions,
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TABLE I

Known Lifetimes of P> Levels. Previous to this Work.

lEx (Mev) 'C'(xlo-lSSec.)
0.678 ' 155:230 .
0.709 2 3000
1.453 2 240
1.974 2 240
2.536 9221
2.723 96+ 15
2.939 37%5
ba142 58 T 14,
L.231 2 1200
bo421 6Lt 8
L.468 £ 33
L.62L 260% 60
L.921 > 800
L.945 L7%20

* Refs.l and 8.



it

TABLE II

The Resonances Studied in the Present Work, *

B E, 3" P S=(2041)1 T, / T
(Kev) (Mev) (Kev) -(ev)
1505 7.052 4 £3 5.0t1,0
1643 7.185 17 17.2%2 14%3
1686 7.227 2" 5.9%.7  11%2
1773 7.311 £1.5 0.87%.17
1775 7.313 (3) £1.5 1.1%0.2

ki

Teken from Harris,et al. Ref.$.
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to develop the techniques of high resolution spectroscopy, and to

establish an energy scale and thus calibrate the spectrometer for further
experiments. Its decay scheme is presented in figure 1. This resonance

was used to determine the lifetime of the 4.23 and 4.62 Mev levels.

B. The Ep - 1643 Kev Resonance

The decay scheme of this resonance (qf Figure 2) is taken from
Endt and Van der Leuns) and Harrisg). It was used to set 1imits on the

lifetimes of the 3.02 Mev and 0.709 Mev Tevels.

C. The Ep = 1686 Kev Resonance

This strong resonance was studied to determine the Tifetime of
the 4.14 Mev Tevel. It was also used to obtain the Ep = 1643 Kev
resonance, since it is only 43 Kev away from the latter. Its decay scheme,

6,8)

due to Harris » is shown in Figure 3.

D. The Ep = 1774 Kev Resonance

This resonance was shown by Harriss) to be a ddub]et at
Ep = 1773 Kev and Ep = 1775 Kev. 1In our exberiments, since the beam
energy spread is about 5 kev at 1 Mev (Gauthier‘o)), both resonances
were excited simultaneously. The Ep = 1773 Kev resonance populated the
1.97, 4.18 and 4.50 Mev ]eve]s and had not been used by Harris to determine
Tifetimes. The Ep = 1775 Kev leve] populated the 2.94 Mev level and the
1.97 Mev Tevel. Figures 4 and 5 show the decay schemes of both these

resonances.
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CHAPTER 2

EXPERIMENTAL PROCEDURE

2.1 General

A. Detection of The Gamma-Rays.

The gamma-rays were detected by means of a 30 CC. ORTEC
Lithiun-drifted Germanium detector, whose resolution was measured to
be 6 Kev for the 1.33 Mev Coso line. Figure 6 shows a block diagram
of the electronic circuitry used to detect and observe the gamma radia-
_tion. Spectra were stored in a 4096 channel PDP-9 computer, equipped
with a digital stabilizer to minimize the gain drifts. The amplifier
and ADC were kept in a temperature-controlled rack, where the temperature
was observed to vary by at most .5 ¢© (cf Figure 7).

The spectrometer was first calibrated with a Co60 source
(Ey = 1.33 Mev) and a Na24 source (Ey = 2.75 Mev). It was later reca-
Tibrated to cover a wider range of energy, by using known gamma-rays
from the Ep = 1505 Kev resonance. '

The linearity of the Ge(Li) system was determined with the aid
of a s]idfng pulse generator of variable voitage, used to produce peaks
at various channels in the computer. The voltage corresponding to each
peak, and the peak centroid were determined, and, with the aid of a
computer program, a graph of the deviation from 1ineérity as a function
of channel number was plotted (cf Figure 8), Also, the counting rate in

the Ge(Li) spectrometer was kept below 250 counts/sec, since a counting
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rate higher than this was noticed to produce a change in the centro1d
of the pulser used to stabilize the system (cf Figure 9).

Spectra were accumulated at two angles, 8 and 92,-for a given
resonance, and the first moments of the various peaks were calculated
with a computer program. The uncertainties in the centroids were

taken to be the standard deviation in the first moments of the peaks.

e, o= 1l rl 2 !
i.e. X = 1 i:] (% - xk) (NTk—k NBk)

total number of counts in the peak

NTk = total number of counts (inc]uding background in the

kth channel xk.)

NBk = number of counts in the kth channel due to background
only
X = centroid of peak

E(e7) - E(s))
(aE) F.D.S.

The attenuation coefficient F -

where E(s) energy of gamma-ray at angle o

énd

(aE) F.D.S. calculated full Doppler shift energy,

was calculated, along with its uncertainty, for each gamma-ray, and,
with the aid of a computer program, the Tifetimes of the levels were

determined.
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B. Proton Energy and Target Considerations.

The proton capture experiments were performed at the University
of Ottawa using the 3 My Dynamitron accelerator, whose beam energy
spread was measured to be 5 Key at TMev (Gauthierlo)).

The energy calibration of the proton beam was carried out using
the Ep = 1380 Kev and the Ep = 1724 Kev resonances in A127(p,y)Si28,
whose gamma-ray spectra yields, in the case of the former, a characte-
ristic gamma-ray at 2.837 Mev, and in the case of the latter,
characteristic gamma-rays of 2.524 Mev and 5.856 Mev. A current of
about 7pA was used to populate the resonances, which were observed by
noting the yield of gamma-rays as a funétion of digital voltmeter
readings. The gamma-rays were detected by means of a NaI(T1) detector
whose output was monitored on a scaler (cf Figure io for block diagram
of NaI(T1) electronics). The detection of the characteristic gamma-rays
in the Ge(Li) spectrum then confirmed that these resonances had been
attained, and the corresponding digital voltmeter readings were noted.

29( 30

Later, resonances in Si were obtained by extrapolation of

poY)P c

. . . .29 30
these readings (cf Figure 11 for yield curve of the Si (psy)P
resonances)

The targets, 512902 enriched to approximately 75% Sizg, were
obtained from AERE, Harwell. The target backings were copper disks,
onto which was electroplated .002" gold to minimize background, which
increases greatly above 1.2 Mev.

The target chamber, located adjacent to a liquid nitrogen cold

trap, was cylindrical in shape, and permitted direct water cooling of the

A
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target (cf Figure 12).

The target thickness was approximately 70 ug/cm2 which corres-

ponds to .32 microns of Sizgoz. Since the range of a 55 Xev P30 ion

29

in §17707 is about .04 microns (Schiott]])), most of the Psoions were

"stopped in the target material itself, a fact which greatly simplifies

the calculations since we deal with only one stopping medium.

C. Determination of the Resonances.

Five resonances were investigated in the reaction Sizg(p,v)P30,
in which Tevels whose Tlifetimes were unknown were strongly populated.
These resonances were the Ep = 1505 Kev, 1643 Kev, 1686 Kev, 1773 Kev
and 1775 Kev. (cf Figure 11 for yie]d.curve)

Spectra were first accumulated at 90°, where there is no Doppler

shift, to identify the resonances.

(i) The Ep = 1505 Kev Resonance

The 1505 Kev resonance was used to recalibrate the Ge(Li)
spectrometer, since it gives characteristic gamma-rays at 5.078 Meyv
(R+1.974 Mev) and at 2.821 Mev (R+4.231 Mev). The lifetimes of the
4,231 Mev and 4.624 Mev levels in P30 were investigated vfa this resonan-
ce. Ge(Li) spectra were accumulated at 0° and at 90° in two series of
measurements, (runs 1,2 and runs 13,15) lasting 14 hours and 4 hours at

each angle.
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(i1) The Ep - 1643 Kev Resonance

This resonance was measured at 0° and at 120° in two series of
measurements at each angle (runs 9, 10, 11, 12), lasting 2 hours at each
angle. The resonance was identified by a characteristic transition
from the resonance level, 7.185 Mev, to the 3.020 Mev Tlevel, yielding

2 4.165 Mev gamma-ray. The relevant energy levels that were populated

were the 3.020 Mev and 0.709 Mev levels.

(ii1) The Ep - 1686 Kev Resonance.

This resonance was identified by the presence of a strong 3.085
Mev gamma-ray, which results from the transition from the 7.227 Mev
resonance level to the 4.142 Mev Tevel. Ge(Li) detector spectra were
accumulated at do and at 1200, first for 14 hours at each angle (runs
4, 5), then for 2 hours at each angle (runs 7, 8). This permitted the
Doppler shift of the 4.142 Mev level to be measured.

(iv) The Ep = 1773 - 1775 Kev Doublet

This doublet populated the 1.974, 2.939, 4.182 and 4.501 Mev
levels in P30. Since the beam enerqy spread of the Dynamitron is about
5 Kev at 1. Mev, the resonances were not resolved.

The characteristic gamma-rays which permitted identification of
the resonances were of energy 2.810 Mev and 6.602 Mev (corresponding to
the 7.311+4.501 Mev and 7.311+.709 Mev transitions respectively) in the
case of the 1773 Kev resonance, and 4.377 Mev (7.313+2.936 Mev) in the

case of the 1775 Kev resonance. Germanium detector spectra were taken at

0° and at 99°, for 4 hours at each angle.
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2.2 The Stability of the Germanium Detector System.

Spe;ia] attention was given to stabilize the Ge(Li) spectrometer,
since good stability is crucial in Doppler shift measurements, particularly
in (p,y) reactions where the recoil energies are small. The stabilization
of the gain of the detection system was accomplished by means of a
Northern Scientific NS-404 Dual Digital Stabilizer (cf Figure 6).

A 60 cycle/sec pulse generator introduces a fixed charge into the
preamplifier. This produces a reference voltage pulse which is amplified
and stored in the top third of the memory of the PDP-9 computer. A
digital window is then set up using the stabi]izer front panel controls so
that the center of this window corresponds to the center of the reference
peak as. observed in the stored spectrum. Also, the digital window width
is adjusted so that only the reference peak is encompassed by the window.

With the system in operation, the number of counts in the upper
half of the window will be equal to the number of counts in the lower
half of the window. However, the instantaneous gain of the system changes
with every count that falls within the window. Every time é count falls
in the upper half of the window, the conversion gain is Towered slightly.

The net result is that, if there are no drifts in the system, the
average conversion gain will be constant, while the instantaneous gain
changes with every count that falls inside the window. A drift in gain
anywhere in the system will upset the statistical equality in the number
of counts in the two halves of the window, and the conversion gain will be

changed, depending on which way the gain drifts.
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It was found that for the sfabi]izer system to function properly,
the gamma-ray counting rate had to be kept below 250 counts/sec, otherwise
an asymmetry in the pulser peak was infroduced, and the centroid of the
peak moved. Below 250 ¢/s, no such asymmetry was observed. Figure 9
shows the change in centroid of the pulser peak as a function of gamma-
ray counting rate.

Also, the amplifier and the ADC were kept in a temperature
controlled rack. The temperature was recorded every hour and it appears
that it was constant to within £.5¢0. (Figure 7)

Radioactive sources, such as Co60

& ThC" and known gamma-rays
from the resonances were used to detect any gain drifts, and to obtain
the energy dispersion (1.645 Kev/channel). The stability check was
done in three ways: Firstly, before and aftér every run at a given angle,

60

the centroids of the 1.17 and 1.33 Mev Co™~ lines, and that of the 2.6]

ThC" Tine were noted. Also, in some spectra, the Co60

Tines were included.
Secondly, in each spectrum there were certain gamma-rays which are known tb
have a full Doppler shift (i.e. gamma-rays decaying from the very short-’
Tived resonance level); therefore a comparison could be made between the
shift in the centroids of these peaks at the two angles and the known

full Doppler shift. Thirdly, most resonances were done at two angles at
least twice, therefore any drift in the centroid of a gamﬁa-ray at a

given angle during the elapsed time could be detected.

As a result of these checks, it was found that the system was stable

~to 0.5 channels over a period of 78 hours, and only one correction was

applied, when there was a sudden change of .5 channels at 3 Mev, which
occurred near the time between the 0° and 120° runs at the Ep = 1686 Kev

resonance.
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The stability of the systemlis demonstrated in figure.13,
where the centroids of various y-rays are p]otted.as a function of time.
It should be noted that this graph displays the long term stability of the
system, and that for short term stability checks between two runs, gamma-

rays given off by the resonance (either fﬁ]]y Doppler shifted or.

unshifted) were used.



V-¢l 3 8 N 9 | I

(SYNOH) 3IWIL

gz _oz @81 91 &1 = ol e o ¢ 2z o
S ’ _ ~0%° 069
A2 21001 =73 [ \\M///%\\\M- .
09 -05 W\W\ / . 09"
Joe"
. . . . . . . . . -. . —192°2v2
Ao ggr1=t3 W \M/%./M e
. I .
09 -~-0D W\ /W T Herreve
A3 §G'1=*3 : % .. M 48 1rvoe
AN
:Os+ W\\l\\\.
; ds¢
-oa-v2a1
Ao 19°2 A3 \Wlﬁ/&/%\w\ M/M/M Jo -
WO YL w . 2
Jog-
(21 OL | SNNYHY) 3INIL SA SaIO¥LILN3aD AV3d

(STINNYHD)

Av3ad

gIOYLINZD

S IR B
PRGN



8 -2 1 3 84 n 9 1 4

(S8 NOH) AWI L
82 9. Y2 2. 02 89 99 3 9 09 6S

T T ¥ T T ) L T T 13
g v)
-ov'voGc |M
2 . P
APN ©6Q71="3 —_— / -lo9* A
- I
no Ul o 20 =
7 —~
0
) ¥ 0 [y i 1) ) T T m
w)
MW -

“doebzal |
- X =
AW 1972 ="3 -oo'szsi W
=
Jdoi- m
P

-oge’

(Z1-2€1 SNOY) 3AWIL SA SAIOHMLNID MVv3d

PRI 0 e




-28-

CHAPTER 3
ANALYSIS OF RESULTS

3.1 The Doppler Shift Attenuation Method.

In the Doppler Sﬁift Attenuation Method, the nucleus whose
lifetimes are to be determined is made to recoil into a stopping medium,
where its velocity varies with time in a manner which is characterisfic
of the combination of recoil ion and stopping materiai. The lifetime,

T, Can be determined, if it is comparable to the slowing-down time for
the ion in the medium, by measuring the change in energy between gamma-rays
emitted at different angles with respect to a given direction.

It is desirable for the recoil ion to have as large an initial
velocity V(0), so that large energy shifts can be measured. One can
obtain this condition by using heavy ion bombardment or a reaction such
as (x,n) just above the threshold energy (!éQJ 21%). Also, if we have a
large _!égl., the slowing down occurs in the electronic region, where the
velocity function with time is relatively well known. Also, since we get
large Doppler shifts, we can use NaI(T1) detectors of high efficiency
to obfain good statistics for the gamma-rays. However, the excfted states
that are populated are rather restricted, and there are kinematics diffi-
culties involved with these reactions; in the case of (e,n) the outgoing
neutron covers a spread of angles, thus introducing an uncertainty in

the direction of the recoiling ion which emitied the gamma-ray.
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More recently, lithium-drifted Germanium detectors have been
used in proton capture reactions. Here, the direction of the recoil ion
is the same‘as that of the incoming proton, and also a greater variety
of levels can be populated. However, due to the small mass of the
proton, the initial recoil velocity is much smaller (v(o) = .2% in
our case), thus the Doppler shifts are smaller. The Ge%Li) detectors,
with relatively high resolution, can however detect the small energy
changes involved, although their low efficiency diminishe; the gamma-ray
statistics. Also, the slowing down occurs in the atomic, or nuclear,
region where the theory is nbt as well known as in the electronic case.

In the Doppler Shift Attenuation Method involving (p,y) reactions,
the proton is absorbed into a nucleus (A{E?"ét the resonance energy, Ep,

and the resulting nucleus, (A*1, Z+1) recoils with momentum equal to that

of the incoming proton, and in the same direction. Starting with an initial

velocity V(o) = HpVp s

N M
M = mass of proton
Vp = velocity of incoming proton

the recoil jon then slows down in a “"thick" material. The resonance Tevel,

155ec) with respect to the

-13

in many cases, is very short lived ( <10°
slowing down time for the ion in the solid ( =5 X10° “sec.) Thus the
resonance level decays immediately to a bound level, whose lifetime we

wish to determine, before the ion has started to siow down. Effectively,
the bound Tevel in question is populated directly. While the ion is slowing

down in the solid (which, in our case is the target material itself) it
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emits gamma-rays which may or may not be Doppler-shifted, depending on
the 1ifetime of the level. By measuring the energy of the gamma-rays
at two angles, 5 and 8 with respect to the beam direction, and,

if the velocity of thg jon as a function of time is known, one can
detéfmine the Tifetime of the level, or at least set upper or lower
Timits (cf Figure 14).

If the lifetime of the level is very short lived with respect
to the stopping time, or, if the nucleus recoils into vacﬁum, the gamma-
ray emitted from that level will undergo a full, or unattenuated
Doppler shift.

The energy of a gamma-ray, at a given angle @ is

Ev(6) = Ey(90°) [1 +Z_Z €05 8l rrvrrrreeeeeerarnnens )

In this case, the velocity v, = v(o) and does not change with time,
therefore

EY(G’) s EY(QOO) [] + ‘_'é.q) cos 9] ................. eeaee ( 2)

where Ey(8) - energy of a gamma-ray emitted at an angle 6 with respect
to the initial direction of motion of the nucleus
(i.e. the proton beam) ”

v, - component of the velocity of the recoil ion, in the
direction of the proton beam, when the gamma-ray is emitted

= energy of gamma-ray emitted at 90°

™m
=
-
(Vo)
[am ]
[=)
|
]

<

-
o

—
"

initial velocity of recoil ion
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TARGET (stopping medium)
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RECOILING
NUCLEUS

' Ge(Li) DETECTOR

The recoiling nucleus first moves in the direction
of the proton beam,then as it is slowed down,it suffers
a change in direction, .During the slowing down of the
nucleus,a gamma-ray is emitted at an angle @ with respect

to the beam axis.
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Therefore, in this case, where v, = v(0) the gamma-rays detected

at angles 8 and 8 will have a maximum energy shift (or full Doppler-

shift) of
' - 0y v(o -co
(AEY)F.D.S. _ EY(QO.) _é_l [cos 8,-C08 62]

If now, the nucleus is made to recoil into a solid, the energy
difference of gamﬁa-rays emitted at o and 8 will Tlie between the limits
of the eqﬁation 3 and zero, depending on the lifetime of the level as

compared to the time it takes for the ion o stop in the medium

My = Ey(90°)‘_/£2)f(r) 605 8:-005'8)] +vesenvavnins (4)
where o< F(t)<1 s the attenuation coefficient.

If the Tifetime is short with respect to the slowing down time of the

jon in the solid, (z< 10717

sec) then the gamma-rays are emitted when
the recoil nucleus has full initial velocity and AEy 1is given by
equation 3.

If the lifetime is Tong with respect to the stopping time,

(v 1071

sec) then the gamma-rays are emitted when the recoil ion has
come to a stop in the solid, i.e. v, =0, F=o0and Aky = 0

But, if the lifetime lies inside these Timits, the gamma-ray
will be emitted when the nucleus has velocity o<v,<v(o) and the change
in énergy with angle will be given by equation 4, with o<F<1. Thus,

in this case, the 1ifetime of the level can be determined, if the

attenuation coefficient F is known as a function of lifetime, T.
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The method is most sensitive when the Tifetime is such that the attenuation
coefficient is between .10 and .90 (corresponding tc a lifetime

2X10']4sec <r<10']zsec). If F is outside these limits, it is harder to
assjgn a lifetime to a level, and limits are usually placed on the T.

The experimental determination of the mean 1ifetime, T, of an
excited state consists of two stages. First, the attenuation coefficient,
F(t), is determined experimentally by observing the difference in the mean
energy of a gamma-ray when it is detected at two angles, 87 and 895

and applying this difference in the form

o) - Exlo1) - Exlog) | 6
Ey(90°)-!é91— [cos e]-cos.ez]

Second, the Tifetime is obtained from a calculated table of F(x) as a ‘
function of 1, which is obtained from the velocity function of the recoil

jon.

3.2, Theoretical Derivation of F(z)

The Doppler shift attenuation coefficient, F(1), is first derived
as a function of lifetime, 7, of the excited state and of the velocity
of the recoil jon at the time it emits the gamma-ray. Then F(1) is
expfessed as a function of the stopping-power, de , for the combination

dp
of recoil ion and stopping medium '
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A. Depandance of F(1) on tand on the Velocity of The Recoil Ion.

Suppose an excited nucleus, in staile A, decays to state B,

giving of Yy viich in turn decays to a state C, giving off i)
A Lifetime T

Lifetime T

Also, suppose that initially, at time t - o, the number of atoms in state
A is INERIR . The number of atoms at £ = 0 in states B and C are
NB = NBo = 0 and NC = NCO = 0 respectively.

Then, at any later time, t, the number of atoms present in state
A is

st € [N (6)

Now, the ratc of change in the numhor of atoms in state B is

Therefore, the numbor of atoms NB at time 't is

Ny =T Ny [ exp( —_%1)~exp( S ) T (8)

T, -T T
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and the number of atoms of type B decaying per unit time is

M Mo Texp(- -t) -exp(t )]

- & EN (9)

Also, the energy of a gamma-ray, vp» emitted at time t and
angle g is .
Ey = Ey(90°)[ 1 +7 G csel . verennn(10)

c

The average energy of a gamma-ray emitted at an angle 6 is just the number
of gamma-rays emitted at time t times the energy of that gamma-ray
at time t and angle 6, integrated over all of time, and divided by

the total number of gamma-rays emitted over all time, i.e.

= cc'NAo 0

Ey(s) = ) ;;:;— [exp(- ) -exp( ]EY(QO )1+ "T"T'COS gdt.
< ()

7 1?01 [exp(- t) exp(-5)] dt
This reduces to
Ey - 90 f] +yj_l cos 8 [Iv t) [exp(-—i) exp(-%)] dt.
(12)
( T T ) v{o)

niere we have multiplied top and bottom of the expression on the right by

v(0), the initial recoil velocity.
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Since the average enargy of a gamma-ray at an angle  1is

Ev (0) = By (90°) 1+ F(x) vo) cos o] ... (13)
’ %

vhere 0<F(t)<1

therefore, comparing equations (12) and (13), we see that

F(1) = J‘V ) [exp (-t ) -exp (-t]dt ......(0)
V(O)(T]-T ) g T

The extraction of nuclear lifetimes from measure mcnts of atiecnuated
Donp]er shifts (i.e. where o<F<1) 1s dependent upon a knowledge of the
average velocity of the nuclei as a function of.time during which they
are slowing down in the stopping medium.

In order to obtain the function v{(t), a kﬁow]edge of the stopping
function,  dE for the appropriate ion in the target mterial is
required. Sigze there are no experimental data available for the ions,
stopping material and velocities used in the present work, theoretical
estimates for dE are required. For this range of velocities, there are
tvo distinct mgéhanisms which are important for the slowing down of the
nuclei; one is electronic in origin and arises from energy lost in
exciting or ejecting atomic electrons, and the other is atomic, and arises
from the transfer of energy to translational motion of an atom.as a whole.
The atomic, or nuclear, contribution is particularly important at low |
velocities and as a consequance of the low momantum imparteq to the

recoiling nuclei, the greater part of energy is lost through this mechanism
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In the range of velocities concerned, (i.e. vt) < 1
c 137
the data compiled by Northc]iffe]z) show that the electronic

)

stopping power is closely proportional to the velocity of the recoil ion.
The constant of proportionality has been calculated by Lindhard, Scharff,
13)

and Schiott ™’ and the values dE predicted agree with experimental

values within about 209%. Theydﬁave also derived a universal formula
for the nuclear scattering cross-section from which the energy Toss due to
atomic collisions was calculated. With these two expressions it is possible
to include both electronic and atomic contributions to the slowing down
of the recoil iens in the target.

In equation 14 for F(;), the term VETET is the component of the
recoil ion velocity in the Z direction (i.e. proton beam direction).
Since the atomic collisions cause the beam of recoiling nuclei to diverge,
this produces a further attenuating effect. Thus VE(ET becomas
v(t) cos ¢ (t) or approximately V(T) X <c0s 4 (L] where 0s 4 (t)
is the average of the cosine of the angles through which the recoiling

nuclei have been scattered. Expressions have been derived by B]augrund]4)

for v(t) and cos ¢ (t), the Tatter requiring the use of the atomic

scettering cross-section of Lindhard et al.

B. Slowing Dovn Mechanisms

A heavy charged particle travelling through matter loses energy

mainly by Coulomdb interaction with the entire target atoms, or with bound

or free electrons. Tha two main processes are:
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1. Coulomb interaction between the screened charge of the projectile
nucleus and the screened target nuclei. This process is referred to

as nuclear or atomic stopping but s nothing but Ruthérford scattering
‘between two charged nuclei modified by a proper nuclear screening.
There is both loss of kinetic energy and large angle scattering, i.e.,
the collisions cause a change in direction of the recoil nuclei, and
one must then calculate the projection of the recoil ion velocity along.
the proton beam axis, i.e. V(t) cos ¢(t) . This is ca]]éd atomic

stopping (—g%— g

‘2. Coulomb interaction between the screened projectile nucleus and the

individual bound or free electrons in the target material. This is

called electronic stopping, (g&)e .

The total stopping power is the sum of these two contributions, i.e.

(&L ). @, ¢ G, e (15)

The theory used in these experiments is that due to B]augrund]4) vho

modified Lindhard, Scharff and Schiott's theory]3)

to account for large
angle scattering.
Dimensionless variables are used throughout the calculations.

€ dimensionless energy

p dimensionless distance
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Lindhard, Scharff and Schiott have found, on the basis of
2/3
Thomas-Fermi arguments, that, for velocities below ¢ Ly s

137
vhare Z] = atomic number of recoil ion, the electronic stopping pouer

is given by

dey L /2 |
& )e - ke O ¢ )

12,072 (00 13/2

0793 2y L AR

where k- 3h L ) : g
(@2 1,23 i, s, 172

where £ =Zﬂ/6
and A = mass no,
and subscript 1 refers to recoil ion and subscript 2 refers to

atom in stopping medium. It is seen that the expression for k is

symetric in Z, (projectile) and Z (stopping material). However,

15)

from the work of Ormrod et al it appears that the electronic

stopping cross-section is not accuratcly described by the Lindhard formule,

but that it shows oscillations around the Lindhard curve. The difference

31

depends on Z; and is independent of Z,. In the case of P™" fons stop-

30, these effects lead to a correction of less than .5%

1716,

ping in Si

{cf Engelbertink et a Since the correction is independent of 22

. . . . 30 .
and since A] is the same in our case, P, therefore for P30 ions

. 20 b e
stopping in 312“, the correction is probably also less than .5%. In any
event, since in our case v(o) =
c
contribution is much smaller than the atomic contribution.

%, the electronic slowing doun

For the atemic stopping power contribution, the equation due to

Engelbertink et a]]G) has been used to describz the curve given by Lindhard

(Figure 1 in reference 13).

R
R
R
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This equation is

: 1.215
de - € .002
(G Ja = ~tlomg [+ g1

..(18)

In Figure 15, equation (18) is plotted as a function of enargy
(solid curve). As can be seen, this curve quite accurately .fits the calcu-
lations of Lindhard et al (dots) which are summarized in Schiott's

article]]).

In dimensionless parameters, the total stopping power is again

the sum of the electronic and nuclear contributions, i.e.

Figure 16 shoﬁs the relative contributions of the atomic stopping power
and the electronic stopping power (calculated for our case, in which
k = .224) to the total stopping power.

Since there is some uncertainty as to the chemical composition
of the target (i.e. proportion of Oxygen to Silicon atoms), ca]cu]ationg
of F(t) were therefore made for the extreme cases of Phosphorus
ions in pure Silicon, and in Silicon dioxide. These functions are equal
to within 2%, as is seen in Tap]e 3.

A more detailed explanation of the stopping power, and its effect
on the F(t) vs t curve is given in appendix A.

Also, the F(t) vs t curve for the Ep = 1505 Kev resonance in
5129 (P’Y)P3O, calculated for 50 Kev P?O jons slowing down in 512902 is

showm in Figure 17.
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TABLE III
Slowing Down of 56 Kev P30 Ions in Si29.and in Si2902:
Effect on F(T).
T F(T) for Ep 1686 Kev
(x10 2sec. ) p30sy 5529 P 4n Si2902 .
1 .99 994
2 .988 .989
h :976 .978
6 .965 .966
8 .953 .955
10 942 JOLL
20 .886 .890
. 40 783 .788
60 . .696 _ .699
80 622 .62l
100 .561 .562
200 371 .370
L0 .219 \217
600 155 153
800 .120 .118
1000 098 .09
2000 051 : .050
4000 .026 .026
6000 017 .017
8000 013 ,013

10000 011 011
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3.3 Statistical Errors in The Peak Centroids

The attenuation coefficient,

E,(87) - € {67)

: EY(90°) yég) [cos 87 - cos 8)]

F(x) -

contains uncertainties due to the determination of the centroids.

Since Ey = Ax+B (to first order) .....covvinninnns - (20)

where A - dispersion in Kev/channel

and X = channel number

and B = channel zero energy.
therefore

- Axp-x) (21)
(8Ev)g p.s.
where i} - centroid (in channels) of gamma-ray emitted at 81
Xp = centroid (in channels) of gamma-ray emitted at 8,

and (AEy)F DS, © full Doppler shift energy

- Ey(909) !égl [ cos 67 - cos 8y ] ......; (22)

The standard deviation in a function R = F(xq, X2 ":'xh) is

2 | .
o‘=/2 (g-% (Ax].)z e (23)
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Thus, for F(;) this is

/2 2"
A Ax1 + 8%,

AF(t) = e, (24)
(8Ev)e p.s.

Now, the errors Ax] and sz in the centroids X and Xy Can be

evaluated by applying equation (23) to them also. Since

n n
Xz —=! S (25)
n n (N Y .)
% N g Wi © "Bi

i 1

ith

where X = channel number in peak

and Ni = number of counts in the peak

th

and NTi - total number of counts in i~ channel.

N number of counts in ith channel due to background only.

Bi °
therefore X is a function of Zn variables, the Ny; and the Np;, where

n is the number of channels over which the centroid is evaluated. Therefore,

S 12 2
. 1 [{—-—L (3 x (Nri - ;)10 2 (Mg - Ngg)] 3 '{(”NTJ')}}
IR 1

-12 2
n -
+ 0z {—-éi— [2x s(Np3 - Ng;) [z (NTi - Ng;)1 3 {(ANBj)} J
j=1 B“Bj !
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which reduces to

. . /n ) 1
Xz g \ Eo(x - x) (NTk + NBk) O 1)
where N = total number of counts in the peak (with background subtiacted)
In some cases, more than one value for F{t) was obtained for

a given level. Then, the weighted mean

—— ZF1 - '
F- % PRI (::)
——— .
I 5

i
was used, where o is the standard deviation in the ith value of F.

The ervor in this mean is

A = — ..................(29)

3.4 Analysis of the Gamma-Ray Spectra

The resonances investigated were done at least twice at both e]
and 8, except for the Ep = 1773 - 1775 Kev resonances, which were done
only once at each angle. The different runs are numbered 1 to 17.

A. The Ep = 1505 Kev Resonance

The first Si2° (p,7)p°0

resonance studied in detail for measurements

was that for Ep = 1505 Kev, corresponding to an excitation energy of

Ex = 7.052 Mev in P30. This resonance was dong in two groups of runs,
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£ (90°) and #2 (0°), and #13 (0°) and #15 (90°). The recoil ion had
an initial velocity of v{o) = 1.90 X 10, and since the runs were done

: c .
at 09 and 90°, then

B S W PR

T'F.D.S.

The gamma-rays of interest are those whose energies are
3.171, 2.821, and 2.257 Mev, cdrresponding to transitions between the
levels 4.624 +1.453, R+4.231, and 4.231-1.974 Mev respectively.

The 2.821 Mev gamma-ray, observed at 00, should show the full Doppler -
shift i.e. F(t) = 1 since the mean 1ifetime of the resonance is é]O"]ssec
{(cf. Endt & Van der Leun;5) Harrisg)).' The observation of the full shift
of this primary gamma-ray serves the dual purpose of establishing the
stability of the apparatus against electronic drift, and of providing a
reference with which the shift of the secondary Qamma-ray can be compared.

Spectra were thus obtained at 0° and at 90°, and the Doppler
shifts of the two secondary gamma-rays were determined. The gamma-ray
spectrum of this resonance, at 6= 90°, is shown in figure 18.

In runs #1 and #2, the 2.821 Mev gamma-ray, and its second escape
peak show full shifts of F z .96 + .04, and F = 1.01 * .08 respectively,
corresponding to an average F = .97 # .03. The 2.257 Mev vy -ray, and
its second escape peak, show shifts of 0.12 + .22 Kev and 0.39 + .79 Kev

respectively, cCorresponding to F = .03 .05, and .09 +.18 respectively.
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In runs # 13 and # 15, the 2.821 Mev gamma-ray, and its second
escape peak showed full shifts of .97 + .03 and 1.00 .05 respectively.
The 2.257 Mev gamma-ray and its second escape peak displayed shifts of
.20 £ .15 Kev (F = .05 +.04) and .31 + .41 Kev (F = .07 * .09) respecti-
vely. In these runs, the 3.171 Mev x-ray, de-exciting the 4.62 Mev Tlevel
was strong enough to permit observation of an attenuated shift of
2.03 % .34 Kev, corresponding to F = .34 * .09,

The mean lifetime of the.4.231 Mev level was thus found to be

T = 2000 f'gggo fs, while that for the 4.624 Mev level was found to be
te25 HIP g, |

The errors quoted on all lifetimes were obtained only from the
experimental uncertainties in the centrﬁids of the respective peaks in
the spectra. No estimate of the errors contributed by. theiuncertainties
in the stopping and scattering calculations have been included since
these calculations have not been tested experimentally. No gain drifts,
with%n the experimental accuracy, were detected during these runs, as
is displayed in Figure 19. In this Figure, the 90° - ¢° experimental
centroid shift is plotted against the cosine of the angle of detection
of the gamma-ray. The straight 1ine represents the full Doppler shift,
calculated from equation (3). In the bottom half of the Figure, the
experimental centroid shift for the 2.821 Mev gamma-ray (R+4.231 Mev)
and ité second escape peak are shown. In the upper half of the Figure,
the shifts for the 2.257 Mev gamma-ray (4.231 + 1.974 Mev) and for the
3.171 Mev gamma-ray (4.624 > 1.453 Mev) are shown. The results obtained

from this resonance are summarized in Table 4.
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TABLE IV

Results of the Ep=1505 Kev Resonance.

Transition Ey 18Ey (AEX)f.d.s _F.'('L’) FA| T
(Mev) | (Kev) | (Kev) (%) | (%) | (fsec)

R—4,231 2.821 [5.15%.26 | 5.36 |96ty

9823 | full
228§1 5.3%.6| 5.36  po1*s shift
2 , |

5.36 .4 | 5.36 1005

4.231~1.97% | 2.257 |.12%.22| 4.29 35

20%.15( 4,29 5L
: - . +3000
5%3 2000_ 800

2z2?7 39E.79 4.29 918
2

311 4,29 7+8

L.62L,-1,453 | 3.171 |2.03%.34 ) 6.02 3L+ 9 Zlilgg
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B. The Ep - 1643 Kev Resonance

The initial recoil velocity was v(o) = 1.97 X 1073 (recoil
energy of 54.8 Kev), and since the shifts ;ere taken at 0° and 1200,
(-A%¥ )F.D.S. = 2.96 X107, This resonance was done in four consecutive
runs at 0° (49, #11) and at 120 (#10 and #12). The & = 0° spectrun for
this resonance, corresponding to an excitation energy Ex ;_7.190 Mev
in P30, ié given in Figure 20.

The gamma-rays of interest are those of energy 2.338 and 0.709 Mev,
corresponding to transitions between the levels 3.020 + 0.678 ahd
0.709 ~ 0 Mev respectively. These levels were populated directly from the
resonance level which, according to Harris, and Endt and Van der Leun, has
a width of T - 17.2% 2.0 Kev, corresponding to a lifetime 1< 3X10'20 sec,
therefore no correction needed to be made to the attenuation coefficients.

. . 60
Radioactive sources such as Co

and ThC", and the gamma-rays
arising from the resonance, at a given angle, provided a check as to the
stability of the electronics. No drifts were observed within the
experimental accuracy. |

In runs #9 (0°) and #10 (120°), the 2.338 Mev gamma-ray displayed
a full shift of 6.99 + .64 Kev, corresponding to F = 1.01 + .09, while
the 0.709 Mev gamma-ray showed a shift of 0.00 * .16 Kev, i.a.

-

F=0.00%.07.
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TABLE V

RESULTS OF THE Ep=1643 Kev RESONANCE.

—

Transition Ey | AEy (AEK)fd,s, F(¥) | F(T) it
(Mev) | (Kev) (Kev) (9 | (%) (fsec)

3.02-.678 | 2.338 | 6,99t.6L | 6.9, [01*9
10311 | £14

7.7581.2 | 6.9, [111%18

0.709-0 0.709 { 0,00%,16 | 2.10 07
' k5 121100

0.18+14 | 2.10 | 927
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In runs #11 (0°) and #12 (120°), the 2.338 Mev line shifted by
7.75 £ 1.2 Kev (F = 1.11 £ .18) while @ 0.18 £ 14 Kev shift (F = .09  .07)

was observed for the .709 Mev line.

. Thus, for the 3.02 Mev level, a mean value F = 1.03 £ .11 was
observed, leading to a lifetime 1<14 fs, while for the 0.709 Mev Tevel,
F= .04 .05, corresponding to <1100 fs. Table 5 provides a summary
for the results obtained with this resonance. |

C. The Ep = 1686 Kev Resonance.

This resonance was done in four consecutive runs at alternate angles
6] - ° and 92 = 120°, in an attempt to uncover any drifts in gain.
The 6 = 0° spectrum, corresponding to an excitation energy Ex = 7.233 Mev
30

in P™ s given in Figure 21. The initial recoil velocity of the P30

jons was !égl': 2.00 X 10'3, and since the shift was taken between 0°

and 120°, (%)F.D.S. =3%107,

The gamma-rays of interest are those of 3.085 and 4.142 Mev,
resulting from the transitions between the levels R + 4.142 and 4.142 + 0
Mev respectively. |

In the first two runs, #4 (0°) and #5 (120°) no drifts were observed
in the peak centroids. The 3.085 Mev line and 2nd escépe peak which should
display a fﬁ]] Doppler shift, did in effect shift by 9.62 + .30 Kev and
9.15 + .36 Kev respectively, corresponding to F = 1.04 + .03 and
F-.99+ .04, The 4.74 Mev Tine and its second escape peak shifted by
9.94 + .33 Kev (F = .80 ¢ .03) and 9.62 .33 Kev (F = .77 + .03) respectively.
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In the second run, #7 (0°) and #8 (120°), a drift was observed
in the peak centroids of the resonance gamma-rays. The 3.085 Mey
ganma-ray, which should have shifted by 9.26 Kev, displayed a shift
of 8.43 £ .25 Kev, leading to F .91 ¢ .03, while its second escape
peak\shifted by 8.75 * .40 Kev or F = .94 £ .04, Figure 22 shows the
0° - 120° experimental centroid shifts for the 3.085 Mev aﬁd second
escape gamma-rays. The straight line is the calculated full Doppler
shift (equation 3). On the left hand side of the figure; the results
for runs #4 and #5 (no drifts) are given, while on the right hand side,
the results for runs #7 and #8 are shown. As can be.seen, drifts of
.5 channels (.8 Kev) and .3 channels (.5 Kev) were observed in the
centroids of the 3.085 Mev gamma-ray and its second escape peak, res-
pectively. Since the second escape peak of the 4.14 Mev gamma-ray
(4.14+0) is 3.12 Mev (only 40 Kev away from the 3.085 Mev Tine) a cor-
rectipn of .5 channels (.8 Kev) was therefore applied to its centroid
in run #8, leading to a corrected shift of 10.25 £.46 Kev (F = .82 £ .04).

‘As a result, the 4.142 Mev level was found to have a mean
F = .80 £ .03, corresponding to a lifetime T = 38 + 7 fs.

Figure 23 shows the Doppler shift in the centroid of the
4.142 Mev second escape peak (Ey = 3.120 Mev) (4.142> 0 Mev transition),
along with that}of the 3.085 Mev gamma-ray (R+4.142 Mev) for runs #4
and #5 (no gain drifts)

Table 6 summarizes the results obtained with fhis resonance.
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TABLE VI

Results of the Ep= 1686 Kev Resonance.

A- Runs #. and #5.

Transition Ey AR, (AEx)fds F(T) F(—'L:) T
(Mev) (Kev) (Kev) (%) | (%) (fsec)
R-4.142 | 4.142 | 9.62%.30 9.26 10413 full
_ shift
3.085| 9.15%,36 | 9.26 99:L
(2)
4.142—0 L.152] 9.94%,33 | 12,43 8013 %
8013 | 38%7
L1421 9.62%.33 | 12,43 7753
(2)
B - Runs #7 and #8.
Transition Ey aEy aEy (AEx)fds F(T) T
: corr,
(Mev) (Kev) (Key) (Kev) (%)‘ (fsec)
R4 142 | 3.085(8.43.25 | 926 o3
3.08518.75.40 9.26 9Lt
(2)
4,142-0 Lo14219.43%,46 |10.25%,46 | 12.43 82%, | 38%7
(2) |

*The value F(t)=80t3 is the average of the F(T) values for

both sets of runs,#L-#5 and #7-#8.
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D. The Ep = 1773 Kev and 1775 Kev Doublet
These two resonances were done simultaneously at both 0° and
90° (cf. Figure 24 for the © = 90° spectrum) The initial recoil velocity
of the P*0 jons was !égl - 2.06 X 1073 (recoil energy Ep = 59.1 Kev)
and (FL) ¢ z2.06 0000
i) Ep = 1773 Kev Resonance (Ex = 7.311 Mev)

The gamma-rays of interest are those at 2.810, 5.337, 6.602,
1.974, 3.048 and 3.473 Mev, corresponding to transitions Between the Tevels
7.311 +4.501, 7.311+1.974, 7.311~0.709, 1.974+0, 4.501+1.453, and
4.182+.709 Mev respectively.

The width of this resonance is given as I<1.5 Kev by Harris et a18),
corvesponding to a Tifetime 4 X 107 sec. The 2.810 and 6.602 Mev
(second escape peak) resonance gamma-rays showed Doppler shifts corres-
ponding to F = 1.03 + .11 and F = 1.05 % .05 respectively, leading to a
mean value of F = 1.04 * .05, and indicating that this resonance is very

]5sec).

short-Tived (r]< 107
However, the 5.337 Mev ganma-ray (second escape peak, which
represents decay to the 1.974 Mev level, showed a Doppler shift of
F-.96% .04, The 1.974 Mev level is also populated, according to Harris
et a18), by the Ep = 1775 Kev resonance, which, according to our results
seems to have an attenuated Doppler shift. (cf following section on the

1775 Kev resonance) This could exp]ain‘why F=.9 £ .04 for the 5.337

Mev y-ray.
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The 1.974 Mev gamma-ray displayed a shift of 0.92 £ 0.79 Kev,
corresponding to F = .23 + .20, while the 3.473 Mev Tine shifted by
8.3 * 1.7 Kev, corresponding to F = 1.16 * .24. Finally, the 3.048 Mev
gamma-ray, and its second escape peak shifted by 5.4 + .85 Kev and
6.25 £ 1.7 Kev respectively, corresponding to a mean attenuation coef-
ficient of F = 0.89 £ .13,

As a result of these observations, the lifetime of the 1.974 Mev
level was found to be 380 fgggo fs, while limits of <I5 fs and
<47 fs were set on the lifetimes of the 4.182 Mev and 4.501 Mev levels

respectively.

ii) The Ep = 1775 Kev Resonance (Ex = 7.313 Mev)

There is evidence, though not conclusive, that this resonance may
have a .lifetime sufficiently long to give a detectable s]owfng down of
the recoil ion before emission of the first gamma-ray.

The resonance level decays to the 2.936, 1.974 and 1.453 Mev levels,
giving gamma-rays of 4.377, 5.339 and 5.860 Mev respectively. The 1.974
Mev level 1is populated in roughly equal amounts by.this resonance and
by the Ep = 1773 Kev resonance. If the lifetime of the resonance were |

15 sec), one would expect a full Doppler shift

very short-lived ( <10
in the energy of the gamma-rays, i.e., shifts of 9.00 Kev, 11.00 Kev,

and 12.07 Kev respectively. It was observed, hoﬁever, that the 4.377 Mev
gamma-ray (and second escape peak) shifted by 8.52 £ .48 Kev and 8.44 = .47

Kev respectively, which corresponds to F = .94 £ .04
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Also, the 5.339 Mev gamma-ray shifted by 10.57 £ .45 Kev, resulting in
F=.9 .04, The 5.860 Mev gamma-ray (first and second escape peaks)
displayed éhifts of 11.89 + .65 Kev and 10.61 + .72 Kev respectively,
leading to values of F = .98 + .05 and F - .88 + .06. If one takes the
average attenuation coefficient for the decays from resonance to the

2.939 and 1.453 Mev levels, one obtains F = .945 + .03 indicating

+6
-5

The decay from both the Ep = 1773 Kev and the Ep = 1775 Kev

that the Tifetime of the resonance level is 10 . fs.

resonances to the 1.974 Mev level yields F = .96 + .,04. The fact that
the 1775 Kev resonance level is long-Tived would give an attenuated
Doppler shift for the decay to the 1.974 Mev level, since the two
resonance gamma-rays populating this level are only 2 Kev apart.

The observed Doppler shifts for the 2.936+1.453 Mev and 2.936+0.680
Mev transitions were 1.73 £ .34 Kev and 2.86 + .88 Kev respectively, giving

amean F = .57 +.10. If it is assumed that the resonance level is

+45

very short-lived ( w107 sec), this leads to a lifetime of 1= 1004 fs,

However, if the lifetime is corrected for the fact that the resonance

level Tifetime is 1, = 10 s, this leads to a lifetime for the 2.94 Mev

Tevel of 1= szgg fs. Figure 25 shows the F(t) vs 1 curve for this

resonance. The effect of 1, (resonance Tevel) = 10 fs on F(1) is also

shown on the curve.

Also, if the lifetime of the 1.974 Mev level is corrected for

7y = 10'fs, this gives 1(1.974) = 340f§§go fs. Thus, the average

1ifetime for the 1.374 Mev level, calculated from both resonances, is

+3100
taken to be 72360 opq" fs.
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No drifts in gain were discovered in this section of the
experiment, as is demonstrated by the fact that the gamma-rays de-exciting
the Ep = 1773 Kev resonance were fully Doppler shifted, within experi-
mental errors. Also, the 0.709+0 transition, which is long-1ived
( 1< 1100 fs) showed no drift between 0° and 9¢P. Finally, a ThC"
source also showed no change in its centroid at the two angles.

Figure 26 shows the attenuated Doppler shift observed in the
1.486 Mev gamma-ray, resulting from the transition between the 2.939+1.453
Mev levels.

Table 7 summarizes the results obtained from the Ep = 1773-1775
Kev doublet.

In Table 8, the 1ifetimes of the excited states studied in this
paper are compared with those obtained by Harris et 318) and by

Kennedy et a1]1
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I-A

Results of the Ep=l773 Kev Resonance,

Transition Ey AEy (AEK)fds F(T) [F(@) T
(Mev)  (Kev) |(Kev) |[(%) |(%) (fsec)
R=~,709  [6.602 [14.27+.68 | 13.60 | 1055
| (2) 1065 |full
. shift
R-4.501 {2.810| 5.98t,65 5.79 | 10311
R->1,974 523§7 10,5745 | 11.00 | 96%4 | 96
2
L9740 [1.974] 0.92.79 | 107 | 23t20| 2320 360720
L.182-5,709|3.473 | 8.30£1.70| 7.15 | 1162 |116%2L |15
4.501-1.55/3.048 | 5.40%.85 | 6.28 | 86%lL
89413 |47
3.0?8 6.25%1,70] 6.28 99+27
(2
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TABLE VII-B

Results of the Ep=l775 Kev Resonance.

Transition Ey AEy (AEx)fds FIT)|F(T) | T
('Mev) (Kev) (Kev) | (%) | (%) [(fsec)
5,860 [10.61%.72 |12.07  |886 »
(2) | oUt3 10_5
R—2.939 4.377 | 8.52%.48 9.00 9514
hz3¥7 8 b, 47 9.00 Ohtl
2
R~1.974 5.3%9 10.57+.45 |11.00 96l |96%L
(2
LO74=0  |L.97% | 0.92579 | 4.07  |23%20{23220 |360 0500
2. 1. 1.486 | 1.73%.34 3.06 561
939-1.453 57410 85-_+§8
2.261 9

2.939-0.678

2.86%.88 | L.66 6111

A
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TABLE VIII

2.

Transition

F(T)

.- 1 Initial Final | Present | Present Harrisg) Kennedyl)
(Kev) | (Mev)  (Mev) (%) (fsec) |(fsec) (fsec)
1505 |4.231 |1.97% | 53 |20007300 [21200

462 |1.453 | 3429 215‘?22 260160
1643 | 3.020 |0.678 |103t11 |&14
0.709 [0.000 | 45 |21100 | 23000
1686 | 4.142 {0.000 | 80%3 3887 5841,
1773 | 1.974 [0.000 | 23120 | 3607100 2210
,.182 |0.709 | 11622, | £15
L.501 | 1.453 89%13 £ L7
1 7.313 |1.453
> 9L+3 10f§
7.313 | 2.939 |
2.939 | 1.153
7 5740 | 857a0 | 375
2.939 | 0.678
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CHAPTER 4

CONCLUSION

A Lithium-drifted Germanium spectrometer has proved a usefuf

30 yia the Sizg(PsY)P30 reaction.

tool to determine some 1ifetimes in P
It has been shown that, if the stopping power for the combination
of recoil ion and stopping medium is known, a measurement of the energy
of a given gamma-ray, emitted from 5 nucleus which is slowing down
in a solid, as a function of angle, will yfe]d the lifetime of an ex-
cited level if this 1ifetime is in the range ]0'12 sec. to 10']4 sec.
The Doppler shift attenuation coefficient, F(t), which is determined
experimentally for a given gamma-ray, has been related to the lifetime
of the level which emits the gamma-ray.

Since the shifts in energy due to the Doppler effect were
small in these proton capture reactions, '(A%%)F.D.S.: 2% it was
important to have a Ge(Li) spectrometer system which was stable over
the experimental runs. The sysfem which was utilized was found to be
stable to within .5 channels during an elapsed time of 78 hours.

It was found that the main source of experimental error was not

due to gain drifts in the electronic system, but rather to the statis-

tical uﬁcertainties in the peak centroids, caused by background radiation.

In future experiments, it would prove advantageous to try to reduce

this background by, for example, shielding the detector, or by reducing

\
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the amount of contaminants in the target region. By far the greatest
source of error in the Doppler shift method arises from the uncertainty
in the stopping power, especially at the low recoil energies used in

these experiments. Since there was no experimental data on the stopping

of P30 ions by Si2902, it was necessary to use the theory developed

by Lindhard et al., which has an uncertainty of about 20%.

As a result of the measurements described in this thesis, it was

found that the lifetimes of the 1.974, 2.939, 4.142, 4.231, and 4.624

+3100 ] +3000
Mev Tevels were 360 -~ fs, 85,0 fs, 38 £7 fs, 2000 g

and 212f;g5fs, respectively. Limits were set on the lifetimes of the

fs,

following Tevels 0.709 { >1100 fs), 3.020 ( <14 fs), 4.182 ( <15 fs)
and 4.501 Mev ( <47 fs).

There is also evidence that the lifetime of the Ep-= 1775 Kev
resonance level (Ex = 7.313 Mev) is sufficiently long to give a detec-

table slowing down in the velocity of the recoil ion before emission of

_the first gamma-ray. The average Doppler shift attenuation coefficient

for this resonance level was found to be F = .94 + .03, leading to a
lifetine of 1073 fs.

The strength of this resonance S = (2J + ])rer/r is given as
1.1 £ .2 ev by Harris et a]8),'who favour J = 3 from the results of
their correlation measurements. This strength sets an upper limit of
1.3 fs for the lifetime, which would occur when rp =T =1/2r .
Such a lifetime is too short to detect by Doppler shift methods and
is inconsistent with the above interpretation. A possible explanation

is that the transition to the 2.94 Mev and 1.453 Mev levels may not

be entirely from the 1775 Kev member of the resonance doublet.
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A slight difference in the angular distributions of the two gamma-rays
which differ in energy by 2 Kev could give a centroid shift different
from that expected for the full Doppler shift of a single gamma-ray

energy.
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APPENDIX

Stopping Power Considerations

The Doppler shift attenuation coefficient is

F(t) = ] J. [exp (- E-) - exp (- %-)J v(t) cos ¢{t) dt..(30)
(ty = )v(o) R

To calculate F(t), one must therefore know the velocity function,
V(t), and the mean scattering angle, cos ¢ (t). B]augrund]4) uses
dimensionless variables to calculate F(t).

aAz E

1 (Ay+h,)

Cwhere 2z .3z 3 7,21 o)
3p = Bohr radius = —
me

e - electronic charge (e.s.u.)

Z - atomic number

A - mass number

E - energy of the recoil ion (ergs)}

Subscript 1 refers to the recoiling ion

Subscript 2 refers to the stopping medium.
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In these experiments, the value of ¢ corresponding to an initial

recoil velocity of !ég) = .28 s ¢y = .85,
yx
br a® N AjA,

2

where N = number of scattering atoms per Unit volume ( # atoms/cc)

distance (cm)

bed
"

2/3

For velocities V <T%7 1;™'", the electronic stopping power

is, to a good approximation, given by

| %ﬁ)e .k g% (33)
| 0793 7.2, V2, 4 n )%
where k- £X 12 LI (34)
] .
@3 1,277,
(= .224 in our case)
13)

and ¢ is a constant which Lindhard, Scharff and Schiott
assume to be &= 211/6.

Experimentally, it was found by Ormrod et al. that

(de ke 7, where .4<pe.6.

do'e ©
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For the atouic st O“D]ﬂ“ pover, Linchard et al. arrived 2t 2

~

universal differential atemic scatiering cross-section

2,
_ma dt 1/2 .
dofo) = = £(t/?) e (35)
) % s ]
wnere t - esin 3 0
and 0 = deflection angle in the center of mass system

-

A '1 . . v 3
The function f{t*) is given in figure i of Lindhard's article.

The atomic stopping power is then taken 1o be

dey L .
(dpa - f(x) dx creeienreeeeenns (36)

Engelbertink et ]] ) have fitted the curve given as figure 1 in Lindhard's

article with the function

1.215
3 .002
-0.2 ]0910[ 76 + 8]5] cereseareas (37)

—

-IQ.
™

~——

o 4

1"

This function, along with Lindhard's curve is given in figure 15.
The total stopping power is the sum of the electronic and

atomic contributions, j.e.,
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Figure 16 gives a comparison between (g—g) o and (%%) o calculated

from a value of k = .224.

Blaugrund calculates the mean cosine of the scattering angle

as
T cep ) 2 6 1 (38)
cos ¢ = exp “7 A] 1) R % E RN
where G(r) =1 +—:23-r - % 2 for <]
............... (39)
.2 , 8
3 + T p for r<l
M
where r = T
. AZ
€0
and P el g (40)
(de /do )
€
de de de
and (-(E') = ('(E‘)a +(dp)e
Also, the following additional dimensionless variables are used:
2
: (A, +A)
T - EZ' -—]2———2—— ................ (41)
e- 4ma NA]AZ
v = (flg_) (%) where v = velocity ........ (42)

€
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The following relation defines the variable M

From the equation 31 and the definition of v {equation 12), it follows

that

3
1.63 X 10 A] A2

M=

2/3 2/3,1/2
Z]ZZ(Z] t1, ) (A]+ A

3

The number 1.63 X 10” is the product of .8853 times the ratio

of the proton mass to the electron mass.

Dimensionless time is taken as 6 = %3 such that %% = v

2
Since € = %- Mv2 z %-M (%%)“, then
2 N 2

{de) = 5 (do)
1/2
and do - Eﬁﬁ de
o 1/2
) - G do
| M”zd
. M €
sz ) Taese)
20
and s = (.’Zi)- de (45)
e} de/do]
€

A
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In dimensionless variables, the attenuation coefficient,

F(z), becomes
O [exp(- %) - exp(-—fl)] cos ¢ de

1/2
Fx) - (%) ( Tr e]/z
1 0 Ve de /dp

The above equations hold for a stopping medium containing only
one type of atom. If the medium contains several types of atoms, let

M, Zz, A2 etc. refer to the heaviest of these atoms, and let Mi’ 221’

AZi’ etc. refer to the ith type of lighter atom.
Therefore,
€
1/2 .
0= (3) e (47)
Mgy s
e ° Mg do’q

where 6 and € refer to the heaviest scattering atom and

a.
.. M i G hh (48)
1 - N Z2 a A.|+ Az.i oooooooooo
and (%E'i is the total specific energy loss calculated at the energy
G .

In a similar way, cos ¢ can be calculated from equations

38, 39, 40 by using

_ ., . * . .‘ ‘ ; . .
T IR R R IR A AR ORI VPU 0% BUPR RS SRA It SIS | W] 1SAURE RERERA 1| R DI T EHEIREE BT UK EUL T T O B EStaN Eara Saeet Bha ettt Joul W el ko
| S AR e T I R R F
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S

(de/dp)a + ZCi,(A21/A2)(Gi/G) (da/dp)ai

e [(de/do) + 2Ci (de/de)i]

Thus, the general equation for the Doppler shift attenuation coefficient
is o

1/2 T [ exp(-6T/71) - exp {-6T/7)] cos ¢

M
F7) - \"2‘) TT]-T)QE'O‘ de

de - de
G LG+ e @)





