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The 3,23-MeV gamma-ray transition between the

7.,66=and 4.,43-MeV states of C12 has been observed in

R the beta decay of B12 by means of scintillation

g»a®g

sz 3

%i%g% i detectors and coincidence techniques, The B12 activity

23z an

1
was made by the Bll(d,p)B < reaction using a Van de

Graaff accelerator and a beam-chopping system for

apa uem/c

irradiation and delayed counting., All parts of the

yuod yons

2

target-collimator assembly were constructed of beryl-
lium in order to minimize bremsstrahlung production,
Beta rays were detected in an 8"-diameter by 1/4" thick
Pilot-B scintillator and gamma rays were detected in
two 5"x5" Nal counters placed on opposite sides of the
source, Gamma-gamma coincidence meaéurements were

made by displaying the output of each Nal detector in
coincidence with a channel centered on the full-energy-
loss peak of 4,43-MeV gamma rays in the opposite Nal

detector, The additional requirement of a coincidence

* Work performed under the auspices of the U,S. Atomic Energy Commission,
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with the beta-ray detector was imposed for beta-

- gamma-gamma coincideﬁce experiments., In bbth
types of measurement the full-energy-loss and one-
escépe peaks of the 3,23-Mev gaﬁma rays were
observed. Based on the average result of two
previous nuclear reaction measurements of the
fractional decay of the 7.66-MeV state by the
emission of 3.23-MeV'gamma rays the present ob-
servation of these gamma rays leads to a value of

(1.7 * 0,5)% for the beta-ray branching of B12 t

the 7.,66-MeV state of Clz.

(o]

INTRODUCTION

Considerable importance has been atfachea to the 7,66-MeV second
excited state of C12 not only because the level is thought to be involved
in the "helium—burning" mechanism iﬁ Red Giant Stars1 but because of the
fundamental nuclear physics interest in the structure of the state and in
the various'radiétions leading to and from it, All three of the possible
decay modes of the 7,66-MeV stéte have now been established including
direct ob;érvations of the predomihant alpha-~particle emission1 toAthe

8

-
ground state of Be and the emission of positrom-electron nuclear pairs”

to the ground state of Clz, and indirect measurements of the 3,23-4.43-MeV

1, For a background review see C.W. Cook, W.A, Fowler, C.C. Lauritsen,
ard T. Lauritsen, Phys, Rev. 107, 508 (1957).

2, D.E. Alburger, Phys, Rev, 118, 235 (1960).



cascade gamma-ray emission3’4 through the 2+ first excited state of
C12 at'4.43-M¢V. The apparent absence of a ground-state gamma-ray
transition1 taken together with the predominant alpha-particle decay
indicates that the very probable spin—parity.assignment to the 7,66~
MeV state is O+, Values for the various partial widths of the 7,66-MeV
state are based on the result of an experiment by Fregeau5 in which the
level was excited by the inelastic scattering of high-energy electrons,
From the cross section for this process .an absolute partial width r; =
5x10-5 eV was calculated1 for the emission of nuclear pairs to the ground
state, Positron—eléctron pairs from the 7.56-MeV level were detected
in the Beg(a,n)C12 reaction by means of a magnetic pair spectrometer
and measurements were made of the relative pair emission rates from
the 7.,66~and 4.43;MeV levels, fhese data togéther with a determinatioq6
of the relative populations of these two levels in this same reaction,
when ﬁsing si milar target and beam-energy conditions, were shfficient to
calculate the ratio !ﬂn/T1:° By coﬁbining this ratio with the value for
rﬂn quoted above an experimental value qﬂu = 8 eV was obtained.6

‘The bfanching of the 7.66-MeV state by 3,23-MeV gamma-ray emission
was first determi.ned3 by using the BlO(Hés,p)Cl2 reaction to excite the
7.66~MeV level, Protons leading to the 7.66-MeV state were measured in a

CsI scintillation detector both singly and in triple coincidence with two

Nal gamma-ray counters, each channeled from 2,4 to 5.0 MeV., From the ratio

5. D.E, Alburger, Phys, Rev. 124, 193 (1961),

4, P.A, Seeger and R;W. Kavanagh, Bull, Am, Phys. Soc. 7, 471 (1962) and
article in course of publication,

5. J.F. Fregeau, Phys. Rev, 104, 225 (1956).

6. F, Ajzenberg-Selove and P,H, Stelson, Phys, Rev. 120, 500 (1960).



of triples to singles counting rates the 3.235MeV gamma-ray branch,
or f’Y/F, was found to be (3,3 # 0,9)x107".

More recently Seeger and kavanagh4 have successfully applied
nuclear recoil coincidence techniques to the measurement of ( F; +lﬂn)/r'.
The recoil hethod had been tried earlier by Eccles and Bodansky7 before

the advent of solid-state particle detectors., In Seeger and Kavanagh's
work the 7,66-MeV 012 level was formed in the N14(d,a)C12 reaction and
coincidences between the alpha particles leading to the 7,66=-MeV level
and the corresponding C12 recoil nuclei were searched for and found, The
observation of such é C12 recoil nucleus is possible only if the 7,66-MeV
level decays to the ground state of Clz, rather than breaking up'by alpha-
particle emission, Seeger and Kavanagh's result, (lﬂY +!ﬂn)/f" = (2.82 +
0.29)7:10"4 (in which t he contriﬁution of r; is ~2% of the total) is in
agreement with the earlier value3 for !“Y/r' but it is considerably more
accurate,

Table 1 summarizes the presenf information on the branching modes
of the 7,66-MeV Clz state, It is seen that the 3.,23-MeV gamma-ray branch
is ;v45.timés stronger than the groundestate nuclear pair transition and
- therefore is responsible for practically all of the energy feleased in
stellar helium burning, |

One of the earlier attempts to detect theA3.23—MeV gamma rays from
the 7.,66-MeV state of C12 was made in a study of B12 by Kavanagh.8 B12 is

known9 to decay by beta-ray emission to C12 with a half-life of 20,3 msec

and with a total energy release of 13.37 MeV, 97%#of the beta rays go to

7e SoF. Eccles and D. Bodansky, Phys. Rev, 113, 608 (1959)
8. R.W, Kavanagh, Bull. Am, Phys, Soc. 3, 316 (1658),

9. F. Ajzenberg-Selove and T, Lauritsen, Nucl, Phys. 11, 1 (1959),



Table 1, Partial bradches in the de-excitation of the

766-MeV state of Clz.

Decay Mode Partial Branch Partial Width - r1 - (eV)
[Wexp.(eV) theo,
8 a . . ..\ D
Alpha to Be 1 8 7.5(Wigner limit)
7.66-MeV n (6.6 + 2.2)x107° ®  5x107° © ---
3.23-MeV v (3.3 #+ 0.9)x10"4 d 2.5x10-° d l.4x10-3‘e (single-
-4 f -3 particle estimate)
3.23-MeV ¥ plus (2.82 + 0.29)x10 2.1x10
7s6C=MeV 1

a, See Refs, 2 and 6,

b. W.A. Fowler and’T; Lauritsen, pfivate communicafion quoted in
Ref, 6,

ce See Refs, 1 and 5,

d, See Ref, 3,

e. R.A, Terrell, private communication quoted in Ref, 1,

f. See Ref, 4.

the ground state, Several measurements have been made on the beta decay
to the 4.,43-MeV first excited state. The most recent value10 of (1.2 »
0.1)% for fhis branch is considerably more accuraté than any of the previeus
determinations9 and it has therefore been used throughout this paper, Prior
to the present work there had been only one measurement of the 812 beta-

ray branch to the 7.,66-MeV state, This was the experiment by Cook et a11

in which the alpha-particle break-up of the 7,66-MeV level was observed,

10, N,W. Glass, R,W, Peterson and R,K. Smith, Bull, Am, Phys, Soc., 6, 49 (1961),

11, D.,H, Wilkinson, D,E, Alburger, A, Gallmann, and P.F, Donovan, Phys,

Rev, (in press).



From the intensity of alpha particles the beta-ray branch was cal-
culated to be (1,3 # 0.4)%. Very weak beta-ray branchingg’11 also
takes place to alpha-particle emitting states in C12 above the
7.66-MeV level,

In Kavanagh's work8 a search was made for 3,23-4,43-MeV gamma-
gamma coincidences in B12 beta decay by means of scintillation counters,

3

An upper limit of 10~ was placed on the ratio y and since

3.237Y4,43
the beta-ray branches to the 7,66-and 4,43-MeV states are of nearly

equal intensity Kayanagh's result implied that f’3.23Y/Fé 1073 for

the 7.66-MeV level, This limit is about three times greater than the
actual branch found in the two later nuclear reaction experimenfs (see
Table I),

The ma jor aifficulty in coincidence measurements on B12 is
associated with the production of bremsstrahlung by those beta rays of
9-MeV end-point energy that lead to the 4,43-MeV first excited state, A
background of bremsstrahlung-gamma’coincidences makes: it difficult to
~ observe the 3.,23-4.43-MeV gamma-gamma coincidence effect, Although the ,”
deétails of Kavanagh's experiment were not known, it was felt by the
author and D;. R.B, Pixley several years ago that the background in beta-
gamma-gamﬁa triple coincidence measucements on B;z might be relatively
smaller than in the case of gamma-gamma coincidences-and that'the 3.23-MeV
gamma rays might be detectcd more easily by observing triple coincidences,
In spite of a considerable amount of effort it was not possible to find |
these gamma rays at that time, A graphite collimator-absorber was used
in that work., |

Because of recent advances in both equipment and technique it was

decided to make another attempt to detect the 3,23«MeV gamma rays in the



beta decay'of Blz° The gamma-gamma and beta-gamma-gamma coincidence
experiments.reported here include the following features which have
contributed to the positive observation of this radiation,

a) Construction of the target-collimator asseﬁbly from beryllium
in order to minimize bremsstrahlung production,

b) The use of amplifiers, coincidence circuits and two RIDL
400-chanuel pulse-heighf analyzers which were transistorized throughout,

¢) High-efficiency detection of the gamma ravs by the use of'
. two 5"x5" Nal detecfors. N

d) Past coincidence techniques to reduce random coincidence
effects,

e) The extremely reliable and stable éperation of the Brookhaven

Van de Graaff accelerator which in one of the runs operated with no

interruption of the beam for 235 hours,

EXPERIMENTAL 'METHODS

During the initial work on 812 it was found that the major source

of difficulty not 6nly in the gamma-gamma coincidence measurements but also
in the beta-gamma-gamma coincidence measurements was associated with the
bremsstrahlung produced by beta réys‘leading to the 4,43-MeV level of
Clz. In triple coincidence measurements a real beta-bremsstrahlung-gamma
coincidence background a1w5ys occurs even if the beta-ray detector is
-removed to a great enough diétance from the source so that there is a
small p:obability for the bremsstrahlung that is produced in the beta-ray’
detector itsclf to enter the gaﬁma-ray detectors, For such an arrange-

ment the background is substantiallyAlower than if the small beta-ray

deteclor were lu be located close to the target and in between the two



gamma-ray detectors, However, even when a large beta-ray detector is
placed at an ample distance from the target such as in the present
experiments there remains a real background that results from those
beta rays that enter the collimator-absorber, produce bremsstrahlung,
scatter out of the collimator and finally enter the beta-ray detector,
Since either the bremsstrahlung or the 4.43-MeV gamma rays can enter
eitlher gamma..ray detector the characteristic background in gamma-gamma
or beta-gamma-gamma coincidence measurements is a spectrum consistipg
of 4.43-MeV peaks superposed on a bremsstrahlung continuum,. The only
practical way of minimizing this effect is to use material ‘of low Z
in the vicinity of the sourcc, .

Figure 1 shows the experimental arrgngement adopted. The deuteron
beam from the Vah de Graaff fifst passed through a chopper located 12
feet from the experimental apparatus., Thereafter it went through
regulating slits (not shown) for control of the Van de Graaff terminal
voltage, through a 2-mm diameter taﬁtalum defining aperature and, after
passing through a 3/ ".o.d. by 3/16" iede beryliium tube, it struck the
target, Tﬁe target consiste& of enriched ( > 99%) B11 metallic powder
‘ deposited from a water siurry onto a 4 mg/cm2 Be foil which was waxed onto
;he end of the target tube, Enriched B11 Qas used in order td reduce the
production of neutrons from the Blo(d,n)c11 regction which otherwise would
have occurredif the target had been made of natural boron. Even thnough a
.substantial number of neutfoﬁs was produced in the Bn(d_.n)c12 reaction
and these activated the Nal crystals it was felt that unnecessary pro-
duction of neutrons should be eiiminated. Several other precautions in

this respect were taken, The B11 deposit was made thick enough (2 4 mg/tmz)

S
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and large enough in diameter so that neither the direct deuteron beam
nor déuterops scattered from the edges of the collimating aperture could
feach the Be supporting foil, As a means‘of preventing aperture-
scattered deuterons froﬁ striking the walls of the Be target tube the
latter was lined with a rolled-up sheet of thin Ni foil,

A special beryllium collimator-absorber for this experiment was
fabricated by the Brush Beryllium Co, The external shape of the
collimator is that of a truncated rectangular pyramid (base dimensions
3"x4")., In the large end the opening is a circular cone of half angle
23.5° and in the small end the opening is a circular hole of just the
right size to fit over the Be target tube, The dimensions and sﬁape
of the Be collimator were chosen so as to obtain favorable solid angles of
all three detectofs at the source and yet to absorb at least 5 MeV of the
energy of beta rays moving toward the center of either Nal detector. Betg
rays energetic enough to pass through the sides of the collimator were
kept out of the gamma-ray detectors-by means of 1/8" thick brass plates.
It was anticipated that the hremsstrahléng effects from beta rays reaching
the brass piates would be negligible., Thick aluminum cylinders surrounded
the Nal crystéls so as to absorb scattered beta rays.

Bach gamma-ray detector consistéd of a 5"x5" Nal cryst#l. These
units, made on special order by the Harshaw Chemical Co,, have 2-inch
diameter exit windows which.allow them to be used together with 2-isch
diameter photomultiplier tubes, RCA 6342A tubes were attached for this
work. Although there was an initial doubt as to how good the pulse-height
resolution.would be for the 2—inﬁh window (versus the 3-inch diameter

window normally supplied on Harshaw's 5"xS" crystals) it was found on
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receipt of thesé crystals that one had a resolution of 10% and the other
11% for the 661-keV gamma rays of Csl37. These figures compare flavorably
with the performance of crystals with 3-inch diameter windows, The Nal
detectors were placed as shown in Fig. 1,

The beta-ray detector consisted of an 8-inch diameter by 1/4-inch
thick Pilot-B scintillator cemented onto a conical lucite light guide
which was in turn cemented onto an RCA 6342A photomultiplier tube, The
thickness of this scintillator was chosen so as to make the output pulse-
height spectrum relatively independent of the energy of the dincident beta
rays, at least for the high-energy beta rays occurring in the decay of
Blz. Two layers of 0,001-inch thick Al foil covered the front shrface
of the Pilot-B crystal, Pulses from one of the dynodes of the 6342A photo
tube were fed tpla linear amplifier in order to ménitor the beta-ray :
counting rate, The pulse~height spectrum from this detector due to the
B12 befa rays consisted of a peak having a full width at half maximum of
~s 40% and a long high-energy tail éf low intensity.,

The position of the beta-ray detector indicated in Fig. 1 was such
‘that it subtended a solid angle of 5.5% &6f 4n at the source., In this |
position the Solid angle subtended by either of the Nal counters at a
givén point on the beta-detecting‘crystal was ~2,5% of 4n, Because of
this small solid éngle and the fact that bremsstrahlung tends fo be emitted
in the forward direction wifh respect to the incident beta rays it was ‘
expected that the contribution to the background in the triple coincidence
experiments duc to beemsatgahlung from thé bctamrdy detector would be

small in comparison with the effect of bremsstrahlung produced in the col-

limator~-absorber, as discussed earlier, Nevertheless, the Nal counters
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were partially shielded from the Pilot-B crystal by means of tapered
leadfbricks, Additional lead bricks (not indicated in Fig. 1) were
placed on the oppésite sides of theMal crystals in order to shield these
counters from backgrounq radiations such as annihilation gamma rays'from
N13 activity produced in both the beam collimator and the regulation
slits and prompt gamma radiation from the beam chopper,

Fast coincidences.were detected hy the use of conventional tech-
niques, i.e.,.the photomultiplier tubes were operated at ~1800 volts,
their anodes were capacitively coupled to the grids of E280F limiters,
and pulses formed by l-meter long shorted étubs in the E280F plate circuits
were fed to a diode adding circuit., Either double or triple coiﬁcidences
could be detected by this circuit and a resolving time of 8 musec was used
.in all of this wérk. Fast timing adjustments were madZichagging the
lengths of the coaxial cables between the limiters and the fast coincidence
circuit,

Because‘of the heavy loading §f the Nal detector photomultiplier
tubes by prompt gamma radiation during the irradiation part of the cycle
it was necegsary to operate their dynode resistor chains at a high currenf
drain by using 25K-ohm resistors together with high-current Northeast
Scientific Corp, high-voltage power sﬁpplies. Even under these conditions
and with no further modifications the voltage fluctuation on any given
dynode was sufficient to sméar the pulse-height spectrum derived at that
point., This effect was counteracted and normal pulse-height resolution

was achieved in the Nal detectors by attaching large capacitors to the

dynode chain, In the arrangement used the signal for pulse-height analysis



was. derived from dynode no, 5, the corresponding point on the dynode
resistor cha%n was by-passed to ground with an 8-microfarad capacitor
and dynodé no. 6 was by-passed to ground with a 4-microfarad capacitor.

The dynode no, 5 outputs of the two Nal detectors and the output
of the fast coincidence circuit were fed to three transistorized double-
delay-line-clipped linear amplifiers, Outputs of these amplifiers were
counected to a Cosmic Radiation Laboratory model 801 coincidence circuit
and the output of each Nal detector-amplifier was also fgd to a separate
RIDL 400-channel pulse-height analyzer, | .

In order to register counts only during intervals between irradiations
of the target a synchronized gating circuit was constructed, A fiming
wheel was attached to the motor shaft driving the chopping cylinder., By
means of two narrbw radial slot$ machined in the wheel at 1800, toge}het
with a small light bulb on one side of the wheel and a photocell on the
other side a synchronization pulse was produced for each half turn, The
photocell puise triggered a blockedAmultivibrator which in turn produced a
broad gating pulse of adjustable width. The broad gating pulse was arranged
to operate four separate input-output channels, Output pulses from two
coincidence channels of the model 801 coincidence circuit were allowed
fo pass through two channels of the bfoad gating circuit and on to the
two pulse~height analyzers only during the desiged timing interval,

The othef two gating channeis were used to measure either fhe beta-ray
counting rate or the counting rates in the pulse~height channels imposed
on the gamma-ray detector outputs,.

The beam chopper consisted.of a 1-1/2-inch diameter steel tube having
two opposite 30o sectors cut out, This was connected to a ﬁotor by means

of a 1/8-inch diameter steel shaft that passed through a lubricated *'O'-ring
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vacuum ;eal and it was rotated in the path of the beam at 1725 rpm, When
thé proper phasing and gating adjustments had been made the following
sequence tofaling‘l7 msec resulted: irradiation of the target for 3 msec,
delay of 1 msec, opening of the counting gate for 12 méec, and 1 msec‘
delay before tie start of the next irradiation pulse. Thus, the actual
counting time was 70% of the total time, The irradiation interval
(observed as an intense group of pulses in the output of one of the
gamma-ray detectors) and the relative width and time position of the -
12-mséc counting gate were monitored continuqusly by means of a dual-
trace oscilloscope, Although fhe regulation slits for control of the

Van de Graaff were located beyond the chopper and close to the target

the chopping rate was sufficiently rapid that the feed—back terminal-voltage
control system of the Van de Graaff operated satisfactorily..

Coincidence data were taken by recording the output of the North Nal
detector on 200 channels of one of the 400-channel pulse-height analyzers
and by triggering that analyzer with coincidence pulses (after passage
through the 12-msec gate) involving the fast coincidence circuit output
(either fast doubles or fast triples), the output of the south NaI
detector and a pulse-height channel imposed on the South crystal spectrum,
Generally the single-channel pulse=height analyzers on the coincidence
curcuit were adjusted so as to be centered on the full-energy-loss peak
of the 4.43-MéV gamma rays., The channel width included all of the full-
eﬁergy-loss peak and a part of the one-escape peak, Correspéndingly, the
analyzer for the South Nal detector was triggered by coincidences derived
from the fast coincidence circuit together with the North crystal detector

and a similar channel on the 4,43-MeV full-energy-loss peak in that spectrum,
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The remaining 200 channels of each analyzer were used to make periodic
checké on the positions of peaks in the gamma-ray singles spectrum,

as well as oﬁ the positions of the pulse-height channels, and to adjust
amplifier gains when necessary,

Because of the intense radioactivities built up in the NaIl cfystais‘
by ﬁeut:ons from the target thére was a high counting rate of smalle
amplitude pulses, In oréer to prevent these pulses from contributing
to the dead time of the analyzer the sensitivity control on the analyzer
was adjustedlso as to cut out the first 55 channels, Under these conditions
the dead-time correction was hegligible.

Periodic checks were made on the timing in the fast coinciéénce
circuit, This was done by examining the shapes of the beta-443-MeV-gamma
double-coincidence pulse-overlap spectra for each of the Nal detectors.
These spectra were recorded when the pulse-height channel was centered
in three different positions, i.e, gt its normal position (channel 140 -
see Fig, 2B), at channel 70 and at channel 100, From the shapes of these
spectra and the position of the peakrof the pulse-overlap spectrum relative
to ; low-level discriminator setting imposed on the fast coincidence pulsés
it was possible to show that the coincidence efficiency was close to 100%
over the entire range of pulse he;ghts that was displayed.

It was the ‘original intention in this work to improve the statistics
by adding togétﬁer the coinéidence data displayed in the two pulse-height
analyzers, Howéver, during the course of the experiments one of. the NéI
detectors develbped comparatively poor pulse-height resolution characteristics

thereby making it undesirable to add the data together.,
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EXPERIMENTAL RESULTS

.All of the B12 coincidence data were taken when using a 1.5-MeV
deuteron beam at an average current of 0,010 pamp on the thick B11
target. This beam current was established as the safe maximum for takiﬁg
data since it was found that at currents of 0,015 pamp, or higher,
instabilities began to appear in some of the circuits and there was'a
noticeable deterioration of resolution in the displayed pulse-height
spectra of the Nal detectors. At 0,01 pamp'the net counting rate in
the beta-ray detector, corrected for scaler dead-time and including only
those beta rays within the 12;msec gate, was 47,000 per sec, Separate
measurements of the beta-ray counting rates with and without thelBe-
collimator-absorber indicated that in the normal arrangement 70% of
the beta rays came directly from the source while the remaihder atfived :
at the detector after scattering out of the collimétor. Thus, élthough :
the beta-ray detector subtended a solid angle of.S.S% of 4n at the source
it actually counted 7.9% of all beta rays emitted..

Pigure 2A shows the singles pulse~height spectrum from the North
ANaI crystal (having the better pulse~height resolution) taken after
several days of continuous operation in one of the runs., The prominent
- 4,43-MeV full-gnergy-loss and one-escape peaks and the underlying brems..
strahlung continuum are due to Blz. In addition to the weak 4.,43-=-MeV
two-escape péak (not identified in the figure) there is a peak at channel
87 and a rise in the yield below channel 65, These latter features resulted
from the activatibn of the crysfal by neutrons from the Bll(d,n)C12 reaction.

| 128 20 24

Three activities that occurred were Na24, 1 and F¥", Na”  has a half-

life of 15 hours and resulted in the 2.75-MeV gamma-ray peak at channel 87.
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The rise in the curve below channel 65 corresponds to beta rays from

.1128 (half-life 25 min, and end-point energy 2.12 MeV). Na24 and 1128'

were both caused by neutron capture. on, having a half-life of 11.4
sec, was produced in the crystal by the Na23(n,a)P20 reaction, It was

a much weaker activity buf its presence was indicated by a 1,63-ileV
gamma-ray peak at channel 51 in the gamma-gamma coincidence spectrum
(this portion of the spéctrum was normally cut out by the analyzer
sensitivity control), Such coincidences occur when the pulseé from.

the on beta rays (which have an end-point energy of 5.4.MeV and all
decay to the 1,63-MeV first excited state of Nezo) lie within the channel
(Fig, 2B) and when the 1.63-MeV gamma rays escape and are'detectéd in

the opposite crystal,

One of the main problems in this work was to achieve iong-tefm
stability of the photomultiplier gains, An ordinary gain-stabilizing
circuit could not be used because of the very high intensity of gamma rays
during the irradiation part of the cycle, Actually it was found that
the 6342A photo tubes had a gain that was count-rate dependent, but that
‘after radioactive equilibrium had been attaiﬁed the rate of shift of the
4,43-MeV peak at channel 140 was qsually less than one channel in eight
hours., A method thzt was used in some of the final runs for rgaching
equilibrium more quickly was to bombard the target for 15 hours with a
beam current‘of 0,02 pamp, cut off the beam for 1/2 hour and then bring
it back on at the normal current of 0,01 yamp, IUnder these conditions
the Na24 and 1128 activities were each in equilibrium and coincidence data
could'then be taken without difficulties from gain shifts,

Figure 2B shows the singles spectrum when imposing the pulse-height



-17.-

channel used for the coincidence measurements. In all of the work the
fﬁll-énerquloss peak of the 4 ,43-MeV gamma rays was arbitrarily centered
at channel 140 in each of the pulse-height analyzers.

The spectrum from this same Nal detector taken in coincidence with
the beta-ray détecﬁor is shown in Fig. 3. That this spectrum has very
nearly the shape expected for monoenergetic gamma rays of 4,43-MeV was
demonstrated by separétevexperiments in which a target of Tile was placed
in the normal:source'position and bombarded with 1,3-MeV protons, The
le(p,a)cl2 feaction, which results almost entirely in 4.43-McV gamma
rays, was used-to examine theAshapes of thé spectra with and without the
Be collimator and brass absorber, to check the absorption factors used in
the calculations, to find that Fhe fraction o£:pure 4.,43-MeV gamma-ray
spectrum lying within the pulse-height channel as defined in Fig. 2B
was 0,295 and to obtain a value of 0,256 for the photo-peak to total ratio,
The coincidence spectrum of Fig. 3 served ; number of purposes, one of which
was a consistency check on some of the gamma-ray efficiency factors psedf
in the calqulations as well as verification that possible corrections for
‘coincidence efficiency and analyier dead-time were indeed small enough
to neglect, This check consisted of comparing the measured coincidence
rate in Fig, 3 under the full-energy-ioss peak (15,1 counts ﬁer sec after
making a 2,5% correction for random coincidences - see below) with the rate
expected according to the béta-ray countiﬁg rate, the known beta~ray branch
-of 1,3% to the 4.43-MeV level, and the overall photo~peak efficiency. The
last of thesé factors was derived from the peak-to-total value of 0,256
given above.together with the tétal efficiency and absorption factors

discussed in the next section. An expected coincidence rate of 16,0 counts
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per sec under the full-energy-loss peak was qbtained from this calculatién.l
Although tﬁg agreement with the observed ratg is very good it must be
pointed out that the estimated probable error in the predicted rate is
15-20%.

The coinqidence rate obtained from Fig., 3 was also used, togéther
with the two singles rates and the resolving time of 8x10-9 sec to
calculate the real-to~random ratio for beta-gamma coincidences. In that
part of the spectrum corresponding to the channel shown in Fige. 2B the
calculated real-to-r#ndom ratio was 38, This was verified foughly by
observing the rate when a long delay cable was inserted in one branch of
the coincidence circuit, In this calculation as well as in the fandom
coincidence calculations discussed later the 70% duty-cycle for counting
was taken into aécount, but ratﬁer than correcting for the 33% decrease
in the 812 intensity during the 12-msec gate the activify was approximated
as having a constant average rate within the counting interval,

By comparing Fige. 3 with Pig.le it was possible to establish the
level of the bremsstrahlung continuum lying under the 4.,43-MeV peaks in
Fige 24 Thé dashed line in Fig. 2A has been drawn so that it extrapolates
smoothly from the bremssttahluné continuum above channel 160 and such that
when it was subtracted from the total'CUtve the remainder had the same shape
as the 4.43-Mev gamma-ray spectrum in Fig, 3 between channels iOO and 150,
Having obtained the level of the bremsstrahlung it was calculated that, of
the total number of counts within the channel given in Fig, 2B, 59% resulted
from 4,43-MeV gamma rays while the remainder was due to bremsstrahlung,

At this point it may be méntioned tha% the channel condition on the

gamma=ray detector outputs was selected so as to give a favorable ratio of
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counts due to the 4.43-MeV gamma rays relative to counts associated
with fhe undcrlying bremsstrahlung continuum, yet to result in a
reasoqable‘yield. Had the channel been widened on the low-energy side,
to include all of the one-~escape peak for example, the coincidence
yiald of 3,23-MeV gamma-ray counts would have been grzater but there would
have been a proportionately larger increase in the background, as may be
easily seen in Fig, 2 from the way in which the bremsstrahlung yieid
increases with decreasing energy. In the caSe of gamma-gamma coincidences
another concern was that if the chénnel were made too wide it might include
counts due to the summing of the 1,39-MeV béta rays and the 1,37-MeV gamma
rays of Na24. The escape and coincidence detection of the 2.75-Mev gamma
ray ih the opposite crystal migbt then result in a bothersome background
peak.

The best result on B12 gamma-gamma coincidences is shown in Fig. 4.
This is the spectrum for the North crystal obtained in a 75-hour run in
which the data were read out about every 10 hours, During this same
period the scaler that recorded the South cfystal channel output registered
1.17x108 counts, It is seen that in addition to the 4.,43-MeV peaks and
the bremsstrahlung continuum there_are two additional weak, but statistically
well-defined peaks which correspond ciosely to the expected positiohs of
the full-energy-loss axd one-escape peaks of the'3.23-MeV cascade gamma rays.
The stafisticél error is indicated for one of the points on the 3,23-MeV
full-energy-loss peak, The dashed line ;epresehts the best estimate for
the background level under the 3.23-MeV peaks, It has been drawn so as to
include a 4,43-MeV two-escape péak centered at channel 110, which according
to Fig. 3, should have a net amplitude about 10% as great as that of the

4 ,43-MeV full-energy-loss beék. The net area in Fig., 4 between the total
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smooth curve and the dashed background curve amounts to 896 counts in

the 3.23-Bév full-energy-loss peak, or 12 counts per hoﬁr. Because the
shape of the background is not known accurately the estimated error in

the area of the photo-peak is 20%. The net amplitude of the one-escape'
peak is about half as great as that of the full-energy-loss peak. This

is the ratio expected from separate experiments on the Clz(d,p)C13 reaction
in which it had been.shown previously that the amplitude ratio of thg
full-energy-1loss to one-escape peaks for gaﬁma rays of 3.1 MeV is close

to 2 for this size Nal detector, | :

A calculation of the rahdom'coincideﬁce rate was made for the gamma-
gamma coincidence run of Fig, 4. Over the region of the spectruﬁ defined
by the channel given in Pig. 2B the calculated real~to~random rétio was -
6.6 There seemed to be no need for checking this ratio exberimenfally;*

In the gamma~gamma coincidence spect;um of the South crystal recofded
during this samé run the 3,23-MeV peaks were present, but since they were
not nearly so'well defined és in Pig, 4 (because of the poorer pulse-height
resolution) the data could not be used for calculations, Several previous
‘gamma-gamma coiﬁcidence runs of éo.to 70 hours duration had been made 1ﬂ
which the 3.23-MeV peaks had appeargd.with varying degrees of crédibility.

Figure 5 shows the beta-gamma-gamma triple coincidence spectrum for
the North érystal obtained by fotaling 269 hours of data. The dashed.line
represents the best estimate of the shape of the spectfum lying under
the 3,23-MeV peaks and it includes a 4,43-MeV- two~escape peak centered-at
éhannel 110, In spite of tﬁe p§orer statistics (as indicated for one of
the points) than in the'gamma-gamha coincidence data of Fig, 4 the full-
energyeloss and one-escape peaks of tﬁe 3.23-MeV gamma rays stand out more

clearly in the triple coincidence run. Thus, in the double coincidence
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spectrum the net height of the full-energy-loss peak is 18% above the
eétim;ted béckground whereas - in the triple coincidence spectrum it is
44% above the background, It may be noted that except for the 3423-MeV
peaks the shape of the triple coincidence spectrum ratherAc105e1y apQ
proximates the shape of the singles spectrum (Fig, 2A).

The triple coincidence spectrum of the South crystal obtained during
this same ceries of runs alsn defined the 3.23-MeV peaks well enough so
that the data-could be used for calculationé. The separate results based
on the North and South crystal data differed by 18%, Their average was
245 counts under the 3.23-MeV'full—energy-léss peak, or an average rate of
0.91 counts per hour, Here again the amplitude ratio of the 3.23-Mev
full-energy-loss to one-escape peaks was found to be about 2 in both of
the triple coincidence spectra.

Random coincidence calculations were made for the North crystal
triple coincidence spectrum, In this case there were three contributions,"
including (a) real beta-gamma coincidences (North c¥ysta1) in random,‘
coincidence with the channel on the‘Sbuth crystal, (b).teal gamma-gamma -
boincideq;es (with the channel on the South crystal) in random coincidencé
with fhe beta-ray detector, and (q) upcortelated random tiip;e coincidences
involving the North crystal, the channel on the South crystal and the beta-
ray detector, By Summing these contributions‘the real-to-random ratio over
the region défined by the channel given in Fig. 2B was.calculated to be 4,6,
Of the total ¥andom coincidence rate the fractivnal contributions of |

effects (a),(b) and (¢) were 83%, 16%, and 1% respectively,

ANALYSIS AND DISCUSSION

' During the earliest stages of the present work no measurements had

beeh made on the 3.,23-MeV-gamma-ray branching from the C12 7.66-MeV state,
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It had been hoped that the observation of this gamma ray in B12 decay
WOuld.leadAto a value for the gamma-ray branching based on the reported
beta-ray branching intensities to the 4,43- and 7.66-MeV states, If this
approach were still to be followed the observed 3.23-MeV gamma-ray |
intensity, taken.together with the (1,3 + 0,4)% beta-ray branch® to the
~ 7.66=MeV level, would correspond to fﬂY/rﬂ = (3.8 #+ 1.5)x10'4, a value

having a probable error'of 40%, (This calculation was similar to those
described below), However, there have now been two nuclear reaction
determinations3’4 of the 3,23-MeV gamma-ray branch which have a weighted

mean value of (2.9 + 0.3)x10-4. Since this number is already known with

an accuracy of 10% the usefﬁlness of the present work, aside froﬁ the

direct observation of the 3.23-MeV gamma rays, is that it permits an independent..
determination to be made of the B12 beta-ray branch to the 7.66-MeV state, it
has of course been assumed that the 3,23-MeV peaks found in these experi-
ments were real and that they were actually associated with B12 and not with
backg;ound reactions or activities that were overlooked., In the calcglatiohs
‘that follow the yields have been treated as having resulted entirely from
drdinary beta-gamma~gamma coincidence effects in B12 decay, although alternate -
processes were considered, Thus, it was estimated from the pagnitude of the
bremsstrahlung-4.,43-MeV~gamma coincidence yield in Fig, 4 that there was a
completely negligible contribution to the 3.23-MeV peaks in Figs. 4 and 5
arising ftom'coincidences between the 3,23-MeV gamma rays and the brems-
strahlung ;ééociated with beta rays feeding the 7.66-MeV state, -

| By using the gamma-gamma coincidence data of Fig, 4 the beta-ray

branching B7 66 L° the 7.66-MeV state was calculated according to the
) R

relationship,

5 B
2N
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NN = N X -Br],;,a x r;ij__ < é’ A Ce (1)

443
134, 43 l—‘

where NYY is the number of counts in the 3,23-MeV full-energy-loss peak,

N4 43 is 0,59 times the total number of scaler counts recorded for the

channel of the South crystal spectrum, B is the known beta-ray

4.43

branch of (1.3 + 0,1)% to the 4,43-MeV level, Fg 23Y/f‘ has the value

2.9x10“4 as discussed above, € is the overall photo-peak efficiency

3.23

for the 3,23-MeV gamma rays and C_ is a correction factor allowing for

0
the effect of the 0-2-0 angular correlation between the 3,23-and 4,43-MeV
gamma raysSe C9 has been estimated to be 1,10 or slightly less than the
factor given in Ref, 3 because of the somewhat different geometry used

in this case, The efficiency € was found by multiplying the total

3.23
efficiency12 of 0,132, for a 5"x5" Nal crystal at a gamma-ray énergy of
3.23 MeV and at:the source-to-crystél.distance of 3,15 cm used in this
experiment, by a peak-to-total ratio of 0,30 and also multipl?ing by a
correction factor of 0,77 to allow (o1 Lhe absorption of the gamma rays

in the Ee and brass, Data given by May and Marinellil3 were used as the
hasis for deriving the peak-to-total ratio of 0,30 for 3,23-MeV gamma rays,
This ratio and the experimental ratio of 0,256 for fhe 4 ,43-MeV gamma rays

obtained in the present work are consistent in their relative values with

the expected variation of the peak-to-total ratio with gamma-ray energy.

12, S.H, Vegors, L.L., Marsden and R.L, Heath, Calculated Efficiencies of
Cylindrical Radiatien Detectors, Phillips Petroleum Co, Report IDO,

16370 (1958) (unpublished).

13, Proceedings of Total Absorption Gamma Ray Spectrometry Symposium, Gatlinburg,

Tennessee, U.S, Atomic Energy Commission Report, TID 7594 (1960) (unpublished),



The overall 3,23-MeV photopeak efficiency obtained was E; _ 3.05x10f2,

When all of .the nusbers are inserted into Eqe (1) the resulting value

for 87 is 1.73}:10"2 with an estimated probable error of about 30%.

66

A calculation of B7 was made from the average of the two triple

«66

coincidence spectra, one of which is shown in Fig, 5, by using the

rclationship

N [ |
= X . A 3.23Y . ]
Nmr N,ﬁ e " €yin < €ina * Co (3

!

where NBYY is the average net érea of 245 counts under the 3,23-MeV
full-energy-loss peak, NB is the total number of beta-ray counts (4;9x1010),
and the remaining factors, other than (54.43, are the same as in Eq, (1).
G,4.43 is the efficiency for detecting 4.43-MeV gamma rays within'the

channel as shown in Fige 2B. A value of 3.03x10“2 for 64043 was obtained
by multiplying the t;tal 4,43=MeV gamma-ray efficiency12 of 0,129 by the
fraction (0,295) of the total spectrum lying within the channel (derived
from the Nl-s(p,a)Cl2 spectrum as mentioned previously) and by an absorption

factor of 0.79. When all of these numbers are inserted into Eq. (2) the

resulting value for B
L]

7466 5 1.67¥10"2 with an estimated probable error

of about 30%,

An assumption that has.been made in the triple coincidence calculations
is that the contribufions of the various beta-vay branches to the rate Nﬁ
vwete in true proportion to the actual branching intensities. This is
almost certainly-trué for the 70% of the beta rays that passed directly
from the source to the detector, For the 30% contribution of beta rays that’

-scattered out of the Be collimator-absorber and then ehtered the detector



- 25 =

it has been assumed that the fraction of th&se beta rays leading to the
7;66-MeV levcl (end-point energy 5.7 MeV) that scattered out was the same

as the fraction of the g?ound-state beta rays {end—point energy 13,37 MeV)
that scattered out. Although this approximation is uncertain it is not 1likely
that a large error was introduced into the result by the differences in
scattering for these two betawray groups sinée only 30% of the beta-ray

counts were involved, |

The separate measurements of B frdm,the gammae=gamma and beta-

7466

gamma-gamma coincidence work are in accidently good agreement and the

average value of (1.7 + 0.5)% is adopted.. A check on the consistency of

the separate results can be made by comparing the net yield of 12 counts

per hour under the 3,23-MeV full-energy~loss peak in the gamma-gamma coincidence

run with the rate'of 0,91 céunts per hour for the triple coincidences, = The

ratio of these yields is 13,2, Based on thé effective solid angle of 7.9%

of 4n for the beta-ray detector the yield ratio of double coincidences to

triple coincidences was expected to be 12.6. This is in good agreement

with the measured ratio, | |
The B12 beta-ray branch of (1.7 # 0,5)% to the 7.66-MeV level of C12

found in the present woik is slightly higher than the branch of (1.3 + 0.4)%

determined by Cook et al, although thé errors overlap, If these separate

results are averaged the branch becomes (1.5 # 0.3)%. The previously

accepted9 log'ft value of 4,2 for this branch would thus decrease by only

0,05 as a result of the .present work,
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FIGURE CAPTIONS

Fig. 1. Experimental arrangement for gamma-gamma and beta-gamma-gamma

12
coincidence measurements on B .

Fige. 2+ Curve A, singles spectrum in the North NaIAcrystal showing the
4.43-Mev gamma-ray peaks superposed on a bremsstrahlung continuuﬁ .
and a peak due to Na24 gamma rays. The dashed extrapolation of
the premsstrahlung curve lying under the 4.,43-MeV peaks was made
as described in'the text, Curve B, singlés spectrum when imposing
the pulse-height channel condition used in the coincidence

experiments,

Pige 3o Spectrum of B12 gamma rays in coincidence with beta rays recorded
in a 34-min run,

Figo 4. B12 gamma-gamma coincidence spectrum obtained in a 75-hour run,

The data represent the spectrum of the North crystal in coincidence
with a channel (as in Fig, 2B) on the 4.43-MeV full-energy-loss

peak in the South crystal,

Fig. S. B12 beta~gamma-gamma coincidence spectrum., The output of the
North Nal detector was displayed in coincidence with all beta
rays and with a channel (as in Pig, 2B) imposed on the South crystal

output, These data represent the sum of runs totaling 269 hours.
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