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 assumption of J=0, 2, and 4 levels in Be® favor J=3 for Lis and B®.
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HIGH=ENERGY BETA‘DECAY.OF‘«LIGHAT ELEMENTS
James-F. Vedder
Radiation Laboratory

University of Califoria
Berkeley, California

June 16, 1958

| ABSTRACT
The beta decay of the radioactive members of the mass-eight
and -twelve triads has been studied with a spiral-orbit spectrometer
having a 1.3% resolution. The end point, half-life and log-ft values |
respectively are: for NIZ, 16.37. £ 0.06 Me\}, 11.43 = 0.05 milliseconds,

and 4.17; for Blz, 13.40 + 0.05 Mev, 20.6 = 0.2 msec and 4.11; for

B8, 14 Mev (broad), 0.75 £ 0.02 sec, and 5.72; and for Li8, 13 Mev
'(bfoad), 0.87 + 0.01 éec, and 5.67. The mass excesses in millimass
units are: for NIZ,, 22.48 % 0.06; for B'lz, 18.19 + 0.06; for B8, :
27.08 + 0.13; and for Li®, 24.97 £ 0.09. |

The shapes of the Kurie function for the mirror pairs indicate

positron and electron transitions to the same levels of the daughter

. nuclide, with greater percentages in the positron branches relative

to the ground-state transitions because of the higher energy available. |
The Li8 and B8 shapes are consistent with the shape of the alpha
spectrum following the decay of the Bed déughtero Less than 1% of

the Li8 transition and less than.5% of the-B8 transition go to the Be8
ground state. Besides the main transition.to the broad 2.9-Mev 1eve1;
a broad level near 11 Mev is probably inyolx}ed. The ft values and8 the
'lI’hev le and Bl'2 spectra indicate transitions of a few percent to the
4.,43‘% and 7.65-Mev levels in CIZS with higher levels not excluded. For
these nuclides J=1 is favored. '

The agreement of the measured end points and resulting Q values

‘with published values shows that the spiral-orbit spectrometer can be

accurately calibrated with only the th_edry as a guide. Another evaluation

of the spectrometer is that the measured shape of the Bl‘2 Kurie function
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is the same within statistics as that obtained elsewhére with a ring-

focus magnetic-lens spectrometer.
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| I.. INTRODUCTION

"The measurement of the high-energy beta-décay spectra from
the beta-radioactive mermbers of the Li®-Be®-B® and B12.c!?. N2
isobaric triads.is interesting for a number of reasons. The maximum
electron energies determine the mass differences of the parent and
daughter nuclides. These energies along with a measurement of the
half lives will then permit the calculation of fhe ft values, which are
a measure of the infhience of the nuclear matrix elements of the
transitions and lead to classification into the various allowed and
forbidden éat‘egories. b Any brar,nchingin the transition will locate
excited states in thé daughter nucleus, and one can c'ompare the mirror
nuclides to determine whether they decay as expected to.the same states
of the daughter nucleus. ‘ ,

A great deal of work has been done on 'L18 but little on BS. The
Lj.i8 spectrum, showing a complex Kurie plot, havs been measured in a
magnetic-lens spectrometer. 2 The shape is consistent with a transition
primarily to the broad 2.9-Mev level in Be8 and shows about 10%
branching to levels above 9 Mev. For B8, Alvarez determined the
half life and maximum energy of the positrons in coincidence with
alpha particles from the Be8 breakup and concluded that the transition
is to the same level in Be8 as the Li8 transition. 3 Gilbert found the
alpha spectra from the decay of _]$e8 following the LiS and B8 beta -
decay are similar within his statistics and give evidence of excited
states iane8 above the 2.9-Mev level. 4 _

As for the other set o'vf triads; much work has been done on B12
but little on N.lz. The B12 spectr.um has been measured2 and the

b

branching studied ‘uite intensely. In part this interest arises

" from the fact that the BIZ decay is an advantageous means of reaching

the 7.65-Mev level in Clz, which is of importance in theories of the

cosmic abundances of the elements. Most of the transition is to the

ground state of ClZ, and the rest to several excited levels. In the

1 : . ce - ..
N 2 decay, ! in addition to measuring the lifetime and maximum energy
of the positrons, Alvarez has found delayed alpha emission indicating

that a complex.Kurie plot is expected for this nuclide also.
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The spiral-orbit spectr,ometersa’ 9,10

with its large-solid-angle
focusing was selected for the spectral measurements . The principle
~of this 1nstrument is based on the.fact that a charged particle of a
certain momentum originating at the axis and traveling in.the plane of
symmetry of a nonhomogeneous. axially symmetric magnetic field
spirals out to a circle of fixed radius p. By placing a detector at this

: radius, whose magnitude depends only on the magnetic-field shape,
-and varylng the field, one can intercept particles of various momenta.
It was p0351b1e to detect positrons and electrons 31multaneous1y with

' .an arrangement of two sets of Geiger tubes in coincidence on the

focal circle. Fortunately, by using targets -of beryllium or 'C13-=en-=
riched carbon bombarded in the beam of the 32-Mev Berkeley proton
linear accelerator, one can produce L18 and B8 B12 and N . Thus
simultaneous detection of the mirror decays is feasible. Since the
half lives of the elements studied are so short, all less than 1l sec,

it was nec.essary to create the activity at the source position of the
spectrometer Therefore the magnet was located so that the proton

beam came down the axial hole in the magnet and the counting was

done between ‘proton pulses.
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II. APPARATUS
A, General Layout

The experimental work was performed at the Berkeley 32-Mev

linear accelerator. The proton beam from the accelerator enters the

concrete-walled bombardment area (shown in Fig. 1) and is bent

20 degrees horizontally by a steering magnet. Three feet farther down-

‘stream the protons pass through an adjustable aluminum iris set for a

1/8-in. -square collimation. The tar.get, located in the median plarle
of the spectrometer, is 6.5 ft beyond. In the upstream brass tube of
the vacuum chamber is iocated a I/Sfin, i.d. carbon collimator
(Fig. 2) whose exit is about 3 in. from the median plane.

After passing through the target, the beam tra\}el.s down the

exit brass tube, through the end Wmdow, and into the Faraday cup.

"The charge is measured by an electrometer and a Speedomax recorder.

B. Spiral-Orbit Spectrometer

Dr. Miyamoto deVelop.éd a magnetic _spec:'tlro‘rr)eter8 with a

nonhomogeneous aiial[y symmetri,c magnetic field in which the charged

- particles travel in spiral orbits from an axially located source to a

focal circle (Fig. 3). Its great advantage over oth‘er' spectrometers is
the large-solid-angle focusing. The cobnditions are such that particles
leaving the axis in all directions in the median plane with momentum
p=mv = eH (p) p approach a circle of focus of radius-p, where p is

determlned from the equation
2. P
Hpp)p~ = o H(r) rdr.

Those of greater momentum pass through and ar.e_ iost, while those of
less momentum turn back before reaching the circle. For low—ihtensity
activities it is also possible to take advantatge of z. focusing because

p is in the fringe field region outside the radius of the pole pieces.

The solution of the equations of motion will lead one to these conclusions

9,10

as well as to the shape of the resolution function of the spectrometer.

The theory is outlined in Appendix A. Note that the position of p is _
independent of the magnitude of the magnetic field. Thus it is possible
to detect particles within a small momentum interval that are emitted

near the axis at a.ll angles in the median plane simply by placing a
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‘suitable detector in the focal circle. Different momenta are measured

by the usual procedure of varying the magnetic field. The radial field
distribution is not too critical but is usually shaped to obtain focusing

properties suitable to the particular _e_xp’e__nirhe'nt, For large-z focusing,

~a field decreasing with r over most of the orbit is desirable, whereas

for high resolution, a fairly flat central portion and then a steep fall-
6ff with r is better. One must be c‘arevful that saturation effects do not
change the shape of the magnetic-field distribution.as the field is
changed, since these:can seriously alter t_he detection probability

and energy calibration. V

The particular electromagnet used for the spectrometer has a

14-in. o.d. iron core with a 1.5-in. axial hole through it. A 5-kw

motor generator set, coupled with a current regulator capable of
better than 0.1% regulation, energized the pole windings. Facing the -

gap are several special pole pieces (Fig. 2). Following the core and

‘windings is a pole piece designed to serve as part of the vacuum

chamber. It consists of a 14-in. o.d. by l-in. -thick soft-iron disk
to which a 0.5-in. -thick nonmagnetic stainless steel ring, 20 in. o.d.
and 14-in. i.d., is welded flush with the face toward the core. Thev
use of stainless steel rather than. soft iron is a precaution against
nonuniform saturation effects, w_hich could change the field shape.and,
consequently, the position of the focal radius. Next comes a pole.
piece, 14 in. o.d. by 1.875 in. thick,. Thfee bolts extending down )
through the yoke and the core screw into blind holes in this disk.
Finé.lly_, .facing the gap and attached to the preceding piece, is a pole
tip, 11.5 in. o.d. by 0.75 in. thick, which creates a slower fall-off

of the magnetic field intensity with increasing radius. This piece is

‘covered with 1/8-in. aluminum to reduce scattefing. Across the

2-in. -wide gap is a similar po].eA geometry.
The radial magnetic-field distribution in the median plane is

shown in Fig. 4. The dip in the center is caused by the vaxiall hole.

- Also shown are the vector potential and the product of field and radius.

The intersection of the last two curves illustrates the graphical method

of determining the focal circle. Several typical orbits for particles

criginating from the axis are shown in Fig. 3.
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‘The vacuum chamber consists of several parts (Figsb 2 and 3). -
The special pole tips mentioned above have an bring (on the gap side)
located at a radius outside the bolts hbldiﬁg'the pole tip>s., On the out-
side circumfererice is another groove for a Hycar gasket. Around this
and enclosing the gap is é.:0.5—in'. -thick brass cylinder separable into -
th halves which, when bolted together, pull down on the 20-in. -o.d.
pieces and the appropriate gasketvs to fqrm a tight seal. In this brasé
cylinder are several openings covered with Lucite windows, permitting
access inside the chamber and passmthrough connections for the various
Geiger -tube cables. A l-in.-i.d. brass tube with O-»ririg seals is
fitted in the axial hole of each magnet pole. One provides a beam
éntrance and vacuum connevcti‘on to the linear accelerator, and the
other an exit to the Farabda;y cup for the protons after passing through
the farget. There is. a cap with a 0.001 -in, -thick copper foil window
over the exit end of the tube. A mechanical vacuum pump attached to
a pump-out connection on the brass chamber was used tQFpump the
system down before the port to the lineaz_; accelerator was opened.

The most suitable shape for the targets in this particular ex-
periment was conical; with the axis coinciding with the magnetic axis
and the cbollimated proton beam. This form permifted a compromise
between minimizing the energy loss of the electrons in the target and

exposing a maximum number of target nuclei to the proton beam, and

'allowe‘d the use of a target holder that would not be struck by the

protons or focused electrons. Not in this experiment but in some
cases, such as determining an excitation function, one would also want
a minimum loss of energy by the protons in the target. Here again |
the conical target would be advantageous. The central half-angle of
the cone:is '25,9,':"dete‘r£mi'ned by a steel mold available from a previous |
experiment. The cones were attached to thin-walled polyethylene
cylinders, 0.875 in. in diameter, extending out about an inch from
metal cylinders that slide inside the axial brass tubes of the vacuum
chamber. This provided accurate centering and a quick method of
chaﬁging targefs through the rear of the fnagnet, Because the 0.001-in.
befyllium foil available was too brittle to form a cone, a four-sided

pyramid with a wall thickness of 0.002 in. was constructed and attached
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as above. The C 3-enrlched carbon was packed in ﬂle t1p between two

0.002-in. -thick polyethylene cones separated by a t;uncated cone

(0.004 in. thick in one case, and 0.015 in. in the other) (Fig. 5) =
For better momentﬁm :sélection one must use defining shts;

To lirbit the aperture normal to the pole faces and thus discriminate R

bagains‘;t electrons having a z component of momentum, there is a

0.5-in. -wide annular slit defined by 0.5-in. -thick brass rings around

the 11.5-in. pole tips. (Fig. 2). Since the magnetic field distribution -

(Fig. 4) is fairly flat inside this radius ,one expects little = focusing

.. in this region.

At the detector (Figs. 2 and 3), consisting of three Geiger

‘tubes in coincidence,r is another s'bl‘it éystem. The tubes are housed

in lead 'shie'lding with 1.25-in. slits of 0.25-in. radial width. The

) central angle from the first slit and tube to the second slit and tube

is about 25vdegrees. The last two tubes are mounted as close as

possible in one lead housing. This arrangement was designed to

"miﬁifnize scattering and"yet give good discrimination against back-

.~ ground originating outside the target. - Because it was desirable to

© count both positrons and electror\ls at the samme time to conserve runnihg

time, there is a similar detector system bé,ek to back with this one.
‘The counter slits are centered on a radius of 7.75 in., a value

based on preliminary magneticafiel-d measurements. ‘The actual

r focal rad1us is at 7.71 in., with the result that a small energy

" correction is requlred this is discussed later. .The lead counter
. housings are mounted on a 1/8u=1n. brass plate curved to rest on top

“of the 14-in. pole p1eces "In view of the possible necessity of frequent

-~ changes in the counting tubes, the counter housings had to be made

easily removable through the 4-by-5-in. windows of the vacuum

' chamber. By means ‘of guides and stops, replacement of parts was

o

made reproducible to better .than 0.01 in.

In order to detect the beta partlcl_es, Vlctoreen 1B85 Gelger
tubes were used. These 0.75-in. -diam. cylindrical aluminum tubes
have a wall thickness of 30 mg/cmz. Only the central 1.25 in. of the
2-in. sensitive length is used. A good tube wheh new has a plateau

from about 800 to 1,000 vclts with a slope of 3% per 100 v for
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Fig, 5. Cross section of target holder and'C13itarget.
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about 150 v of this range. As the useful counting lifetime of the tube
is used up, the plateau becomes less flat and shifts towards higher
-voltages. Before use, a tube's plateau was determined, and usually
before a day's run each tube was rechecked. Occasionally tubes would
not last the normal lifetime. This may have been a result of the use
inside a vacuum. It is conceivable that minute leaks may appear when al
the external pressure is less t_han the internal preésure 'of the tube.

v Because the tubes were operated in a magnetic field during the
experiment, tube response under these conditions was carefully
studied. The observation of the oscilloscope traces of the pulse shape
and height revealed no significant differenceé when the magneti.c field
was changed from zero to a value above”thdser reached in thé spectral
measurements. As another check, the plat‘eaus of twovt’ubes; were
measured at zero and at a high field, and again no significant difference
was noted. |

Actually the conditions are better than they seem. The particles
detected in coincidence are restricted by slits and pass near the central
wire of the Geiger tubes. For such conditions, the plateaus should
be flatter and a bit longer. With only the central portion of the tube
irradiated, a fairly good plateau resulted for a tube previously rejected
when the plateau was measured with over-all exposure to radiation.

The dead time is a limiting factor in the singles counting rates,
and care must be taken not to jam the counters with high particlevfluxesg
The dead time can be observed on an oscilloscope or measured by use
of two sources. 11. The values obtained are about 200 microseconds.
Another check on counter overloading and a method of measurement
of the dead time of the coincidence system results from the half-life
measurements of the activities. If the data points early in the life
fall below the straight line on the semilogarithmic plot (Fig. 6),
saturation of the counters is faking place. . From the singles coﬁnting N
rate and the difference between the data and straight line, one may
calculate a dead time of about 150 to 200 psec. During the experiment
the singles counting rate was monitored as a precaution against over -

loading the detectors.
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Fig. 6. Exémple of ‘a decay curve for NIIZ(Run 3).
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C. Electronics

The electronic circuitry was quite simple (Fig. 7). The negative
Geiger-counter pulses were attenuated and fed into a linear amplifier.

The positive output pulses were 'shaped into 2-pusec square pulses by a

variable-gate and variable-delay unit and then fed into a mixer to obtain

triple coincidences. The coincidence output was paralleled into the
desired number of scalers. A scaler-gate unit provided gates which
activated the scalers and a five-channel tandem-gate unit. The tandem-
gate unit produced five gates in succession. The scaler.gat‘e unit'
produced a gate that triggered the tandem gate. For le,; with the
“linear accelerator running at the‘ normal repetition rate of 15 pulses -
per second (66.7 msec between pulses), the scaler-gate unit was .
“triggered by the linear-accelerator trigger and was set to give a
50-msec: gate delayed about 10 msec. This gated one scaler to give
a total couﬁt and triggered the tandem gate which was adjusted to give
10-msec gates. Thus the scalers counted over ab.out five lifetimes,
with one svcaler recording the sum as a cross check. To get a good
half life, a second tandem=gate unit was triggered at the end of the
first five gates, and with a linac repet1t1on rate of 7.5/sec about ten
half lives could be covered. For B , the same arrangement as for
Nl‘2 was used during the spectral.measurement, In order to get the -
half-life data, a 3.75/sec rate and ten tandem gates were used to
cover about ten 1ifetirhes, 7 |
For B8 and L18 with Iifetimes of about 0.8 sec, some modifi-

cations had to be rﬁade in the triggering and gating. A scaler counted
the 15-per-sec machine trigger pulses, and the scale-of-16 output
fed a modified scaler. By means of relays the latter controlled a
‘cycle as follows: 16 pulses (1.067 sec) of accelerated protons, 112
pulses (7.467 sec) in which the Van de Graaff phasing was shifted so
that no protons would be accelerated by the linear accelerator, festo_—
fation of the proper phase, and repetition of the cycle. The various
gates were triggered by the modified scaler to operate ‘dur‘ing the

beam-off time.

R

»
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III. OPERATIONAL PROCEDURE
A, Spectra

In making the spectrometer current settings, great tare was
taken to follow.as nearly as possible the same magnetization curve.
Spectral data was taken only at field valueé reached by increasing the
forward or reverse current. A Leeds and Northrup potenfiometer
permitted adjustment of the current to about 0.1%, . and the current
‘regulator held it to this accuracy once the magnet and windings were
warmed up.

In the measurement of a spectrum, the current settings were
made so that counting data were taken at every other or every fourth
electron energy of the chosen series during a particular quarter cycle
of the magnetization curve. The other points were coneredv in following
cyc"les on both the increasing forward and reverse currents. We
believe this procedure minimized the effects of possible drifts and
fluctuations on_the‘e_xperimentél data. It also alternated the measure-
ment of a particulér'spectrum‘f_rom' one detector system to the other
with each current reversal. In case a normalization was needed for
combining the data from the various cycles, a selected point near the
maximum counting raté 'was repeated each quarter cycle. Data were
taken at each point for a sufficient number of microcoulombs of proton
beam collected in the Faraday cup to give 5 to 10% counting statistics
at the peak counting rate. In all, each measurement, excluding the |
normalization point, was repeated three to six times for a complete
spectrum measurement.

B. Lifetimes

For the half -life determinations, the current was normally
set for an.energy giving a maximum counting rate. Some data were
“also taken at higher and lower current settings to check for contami-
nations by other activities. Counts were taken in consecutive gates
extending out to about 10 half lives for each nuclide. The linear
accelerator was run at the proper pulse rate or cycling, and the widths
of the gates were set to better than 1% with the aid of an oscilloscope
calibrated with a . Tektronix type -180 time-mark generator. For.

greater accuracy, one gate at a time gated a scaler that counted the

oy
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- output from a time-mark genérafor which permitted at least 1000 pips

per gate width. Another scaler recorded the number of gates during
a given runs The number of marks divided by .t'he'.product of frequency

and nvu.mb‘er of gates gives a good width calibration, and indicates any

_drifts in widths during the data-collection time.
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‘ IV DATA REDUCTION
A. Theory of Beta Decay

In order to obtaln the theoret1ca1 shapelr‘ ‘of a beta- d'ecay
vvmomentum spectrum one starts from a general formula for the

transition rate from an 1n1t1a1 state 1nto a cont1nuum of states

. 0

‘Here H is the matrix element of the perturbation causing the transition.
The statistical factor, dn/dWO., .i._s the  number of final states per unit
interval of the energy release W0 =W + Wv’ where W and -Wv are

the total energies of the electron and neutrino. Thus we have

an _ p’dpde | gfde
Wo e’ el
where p and q {equalto Wv/c )~ are the momenta of the

neutrino and electron respectively. - Integrating over the solid angles

and substituting into R, we obtain:

or _
- 1 2 2 2
N(p) = CIMI"F(Z,p) p (W ,-W)",
where M is the matrix of the nuclear transition, and F(Z,p)=1 LIJe(R)]Z
is the Coulomb factor that distorts the statistical shape by the inter-
action of the Coulomb field of the electron and daughter nucleus. For

data analysis it is more convenient to work with the Kurie form of the

W—W;'\J————-——N(p) 5~ -

0 2
F(Z,p)p

equations,

Plotted against W, .this is a straight line for a purely statistical shape,
and its intersection with the energy axis gives t_he-._upp_er_,li_m__i_t_ of the .
spectrum. v " " S

The Coulomb factor is small for low-Z nuclides and high-

momentum electrons. For these conditions a simplified equation
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can be used. 13 Figure 8 shows that the Coulomb factor changes the
shape of the Kurie function by only a few tenths of a percent at most
over the energy range of interest. ‘

v A quantity that aids in détermining the fQI"biddennvess of a
transition is the log ft value. Here f is the eﬁergy integral of the
statistical factor modified by the Coulomb factdr, and t -is the half
life. . The ft value is inversely proportional to the ﬁuclear matrix
elements and'vthus is a measure of their infiluence .on the decay
probability.. The 'favored' transitions have log- ft = 2.7 to 3.7. ! The
normal allowed transitidns fall on the rénge 4to05.8. Moszkowski
presents a rapid method for calculating log ft values. -He separates °
the qdantity\into'a; main.term log fot plus correction terms for the ‘
Coulomb factor and for branching.  The fO is simply the energy integral
over the statistical shape and is a measure of the decay probability if the
Coulomb - factor. and nuclear effects are neglected. The partial half
life for transitions is accounted for by the branching correction, |

The maximum energy WO is determined by the irnass difference
between the parent-and daughter nuclides.” For elec¢tron transitions,
the atomic-mass difference or Q value is equal tO’WO‘- mocz = TO,-
the maximum kinetic energy. For positron emission
Q=W_ +m CZ:_T + 2m

0 0 0 0 o ,
In order to obtain a momentum spectrum from the spectrometer

C

data, one must divide the counts by the corresponding momentum or
somethi.ng proportional to it, because the width of the resolution
function is proportional to the momentum focused. In this experiment

the maximum value of the magnetic field in the median plane is used

instead of the actual momentum. A calibration curve of the spectrometer -

excitation current against the magnetic field was established and the
corresponding focus energy calculated. The absolute accuracy disé_
cusséd in Section VI is about 0.3%. .For each current sétting,' the
Kurie function with the fnorhentqureplaéed by the corresponding
magnétié field is calculated an_d'plotte'd:_é_.gainst‘t,>heA kinetic energy;
field and énérgy- W'ex-'e“ obtained from the caili.brat‘ibh curve. Because
the detector positions were not.celntered on the focal orbit and because:

of a _slightvmagnetic -field asymmetry, there are two corrections to

the energy calibration. - These are evaluated in Section VIA.,
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Fig. 8. Coulomb factor in beta decay.

F'=F(2, 1)/4(2) = n*S(A+B/n+C/n?) n=pfmyC,
sz'[l-(aZ)Z]"Z'- 1. Good to about 1% above 3 Mev.

S
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B. Statistics, Errors, LeastFSquares Fit

In the treatment of data, the work of .Birgeis followed. 1'5 He

discusses statistical errors, propagation of errors in functions of

measured quantities,  and fitting of data. If the true errors X of a
sample of n observationsl; arezkrllowpy the root-mean-square error or
standard deviation is n 2 {(£X"}2, If the error distribution is Gaussian,
there is about 30% pr'obabi‘ll.ity of exceeding the standard deviation. In
most cases the true errors are not known, but the method of maximum
likelihood gives us-an estimate of the error from the r’\esidua'ls V, the
difference of the measured values from the mean. Thus an estimate

1 1
of the standard deviation is (n-1} 2 [ZVZ] 2, There is a distinction

made between internal consistency and external consistency of data.
Errors based on internal consistency are derived from the propagation-
of-errors formula and are a measure of the agreement to be expected
among several measured quantities. On the other hand, errors based

on external cons.istency are obtained from the cohsisteﬁcy of the data and
are a measure of the actual agreement of the data. For the weighted

mean of n points--weights being assigned inversely proportional to

‘the square of the error--the consistency is evaluated from the

residuals, and the expression for the rpot‘-meén_square error is
2 1
12
- Z"pi‘\/'i _
.(n"l)zpi ' ’

where P, i? a weight. By internal consistency, the error is found to
be [Zpi] "2, If the errors are purely statistical, the ratio of the
former to the latter should be unity, aside from statistical fluctuations
expected in the ratio. If there are systematic and nonstatistical errors,
the ratio will be greater 'tha.n.onea In this experiment eétimates of the
standard deviation based on external consistency are used unless the
error by internal consistency is much larger. For most caseé the
ratio is close to unity. The error for the maximum energies, or Q
values, is based on internal c_onsi'stenéy, ‘because only a few numbers
are averaged, and the error is equal or iess by external consistency.
In the ‘determination of the maximum energies, lifetimes, and

1
backgrounds, a weighted least-squares siraight line is fitted to the data.
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In most cases the stra1ght hne involves the 1ogar1thm or square root
of the observed data, and care must be taken to obta1n the proper
weight. Application of the formula for propagatmn of errors gives the
error of the function in terms of the errors of the observatlons, The
weight is then inversely proportional to thé square of this error. The
expressions used to obtain a least-squares fit of a straight line to the
experimental data were

y =2 + alx,

D- ag = Zp x - ZP. N Zpixi . Zpixiyi',

Dra) = Zp; - ZpiX;y; - ZPi%; * TPy
_ s L2 2
D= Z)pi Zpixi' - V(Z}pixi)
where X, and y; are the measured values of the abscissa and ordinate

of the ith point and the X, values are assumed to have no error. In

addition the following relations were used to analyze the experimental

data:
J . Kurie end point:

T, =-a /a,, 1
0 "ot Dp,xf - 2Zp.x, * To+Zp, T 2z

Error = (r./a.) 171 i Fi70

0’1 D -
Half Life:

T, = -0. 69315/a ,

2

Error

Zp,
- 0.69315(r /a -5

Error of single observation.of unit weight by

external consistency:

| 12y 2
b pi[yi’Y(Xi)] 2
o~ n-2 ’

&
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C L1fet1me

Several calculations are requlred for the half- 11fe reductlons,
First the mean gate widths and the1r uncerta1nt1es are determined
from the calibration data. Then the accumulated counts 1n each gate
are divided by the gate width to obtain a count1ng rate ' The time

abscissa is calculated from the relation

th =t +7/n {av/[l-exp(;a)] }

- This expression is derived for an assumed mean life 7 by equating

~ the countmg rate calculated for a gate width At = a7 to the instantaneous

counting rate at time' t' and solving for t'; ti is the time origin of the
ith gate, obtained by summing the preceding gate widths.

An error in the assumed value of T shifts ea.c-h_t'i by a constant
amount if the At are equal. Even if the At are only approximately the

same, the error introduced in.the time scale is small. For example,

'in a series of gates of 10-msec widths, in which the maximum

deviation between gate widths is 0.1 msec, .the error: in'the time

scale after a shift for alignment.is less than 0.01 msec when 7 = 29

is used instead of 7 = 16.6 msec. For B8 and Li8 each gate maintained
its width to less than 1% deviation from the mean, and those for Nl‘2
and Blz' held to less than 0.5%. . Assuming the maximum deviations,
one finds that the time abscissa of the first gate is uncertain by about

this percentage, and the last of ten gates is uncertain by about one-

- third of this percentage.

After corrections for background, if any, have been made,
a weighted least-squares line is fitted to the data for In(N/At) versus

time, with _the assumption that the time scale is. exact. . The un-

certainty of the gate width is included with the counting statistics in

determ1n1ng the proper weights.: The error in the time.scale has
been combined with the error in the mean value of.the lifetime. Only
for Nl- is this addition of any‘ significance.,

D. . Spectra

1. .Accidentals and Dead Time

In the reduction of the spectral data there are several effects

that must be considered. Accidental coincidences, counter dead-time
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loéses, drifts, background, and electron scattering are included.in
the recorded counts. The Spectfometer resolution and the ionization
and radiation by the electrons in the t-arg.et are involved in the energy

measurements.

. The correction for accidental vcour‘lts'vis negl'igibile:,' In the

‘determinatioh of accidentals, delays we_re' introduced b'efo.i"e'the mixer;

and the coincidence couhting rate was determihed; The result was
essentially zero. | ’

The dead time of about 200 micros’éconds characteristic of the
. Geiger tubes causes a significant loss of counts if the counting rate is
too"high‘, During the experiment the singles rate was kept low by
_us'ing enough delay following the proton pulse and--if necessary--~using
a reduced proton current. . The singles counts were monitored and
maintained below a 1% loss 1éve1 during the first tandem gate, whose
width was one-fifth or less. of the total counting interval. Because
the highest singles rates occur. closest to the beam, the correction
for the total counts is even smaller than for the counts from the f.irst
gate. Therefore no corrections have been made for the dead-time
losses. The lifetime measurements are another check on the dead-
time losses because they indicate the singles rate that can be tolerated
without distorting the straight-line semilog plot of counts against
time. '

2; Drifts and Combination of Data

As mentioned before, a certain spectral point wés' repeated in
eacAh‘run to provide a normalization point in case of any drifts.‘ ’
Various sources of drift are discussed in Section VI. The ratio of
the external to the inteignal- consistency of the weighted mean of the
:counts at this energy was close to unity for ahy particular target and
activity. This indicated that the effects of drifts, if ar{y, were small,
and the data could be.added without normalization. Therefore for
each target and detector channel the counts from the successive cycles
were totaled at each energy and divided by the corresponding charge

collected in the Faraday cup.

o

X
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3. Background

'In all cases a background count extended above the end point

of the activities. It was about the same for the varicus targets and

decreased as the focus energy was increased. ' There are a number

of possibie 'sources. The cosmic-ray contribution is practically

ze‘r'o because of the counter geometry and magnetic field. The

 probability of detecting electrons scattered from the various spec-

trometer parts should be small for similar reasons. If this were the

predominant source, thé background data should show the lifetime of
12

the activity be1ng measured, In the N' 7 and B12 data there is a time

dependence, but the decay rate is too slow, The annihilation radiation
from positron activities should be quite small because of the low
energies and small probability of miaking a coincidence. Probably

the activities produced by the high neutron fluxes in the bombardment

.room are the main sources of the background. The fact that the

background is .abo_ut the same for the various targets tends to
substantiate this view. ' - ‘ |

To correct the spectral data, a least-squares straight line
was fitted to the poinfs above the maximum'energy and extended to
lower energies. The counts at each energy were then corrected for
this extrapolated backgroundc. - '

- A limitation of this method is the accuracy of the extrapolation
of the background to lower energies. The data are not sufficient to
determine the dependence on the magnetic field other than a.tendency
to.increase with decreasing magnetic field. One might expect this

behavior for general background, because at lower fields less is

- swept out of the detector system One cannot use the lifetime data

to determine the background for the spectral runs because the
background level is different under the various operating conditions

of the linear accelerator. Fortunately the background' is not excessive,
and the method used should give a reasonable reduction of the data.

Near the peak of the varlous spectra the background is about 1% except

o for B8, Where it is about 3.6%.



_31-

4. Scattering Correction

Because a triple c01nc1dence was necessary to reduce the back-
ground to a reasonable value, one must correct for the scatter1ng of
the electrons by the Geiger counters. Fortunately tne measured
correction to.the counting rate at energies greater than 12 Mev is less
than 2% (Fig. 9). The correction becomec qu1te 1arve at low energies
and reduces the accuracy of the spectral data. . W1tnm the statlst1cs
of the‘measure_ment, the positron and electron seatterlng a_re the same.

. From theoretical calculations16 for low atomic numbers and
energies above 1 Mev, the differential cross section for electron

scattering- is » . o
0 = o {1-p°sin® (6/2) +7ZB a sin(6/2)[1-sin(6/2)] }

where §
Op = (ze2/2pv)? csct(/2)
is the Rutherford cross section. For positrons,. Z is ‘replaced by
-Z to a first appro‘nmauon Therefore for small angles the scatter-
ing of electrons and pos1trons is about the same. Actual calculations
of the scattering to be expected from the first tube would be difficult.
Because the magnetic field is not homogeneous, particles scattered
in various dire_ctions are deflected differently. The walls of the tubes
~are curved and present varying thicknesses to the incident electrons.
Another complicating fact is that'the trajectories enter the detector
at various angles, and an analysis of orbit distributions and probabilities
would be required. ‘

Several experimentalv arrangements were used to measure the
.scatter‘in_g., and each involved introducing more scatter_ing rr)aterial_
. into the detector system. From the standpoint of reproducibility and
of least disturbance of the counting g.eorrietry, tl:le.most su_itable
method consisted of adding 0.005- and 0.010-in. tmcknesseé of aluminum
before and after the first tube. The countlng rates were aeterm1ned
at five electron energies with and without the scatterers " The lead
housing necessitated a 3/8-in. separation of the aluminum from the

tube. This separation may exaggerate the scattering effect, but tends

oA

©



-32-

~ 130

2

L .

2 1201

O

2

§ Lo

S

Q .

= 100\

Q

090 o
H\ I | ! ]

-0 - 3 6 9 12 15

Kinetic energy (Mev)
MU-15572
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. to bring it in line with the effect of the increased mean thickness of

the tube wall due to its curvature, a factor neglec't‘ed in the treatment

of the data. Becvause_ the last fwo Geiger tubes were 1/8 in. apart

and the countihg ape_ft-ure of the first of the two was restricted by a

slit, the scattering loss here should be negligible compared with that ‘

from the first tube. _ , | | h
The counting data, consisting of several cycled repetitions at

each energy, é.re plotted against thickness with the assumptioﬁ that

the tube is 0.010 in. thick. A stradight-line fit by eye> isexténded to

‘a zero ‘thiqkness, and the rat’ié S of this extrapolated counting rate -

to the normal counting rate with just the counters in the detector

S'y.stem is then obtainéd. The accuracy is determined from the

consistency of the measurements. To dorrect the spectral data at

the various energies, one simply fnultiplies by the proper ratio S.

A second-degree polynomial was fitted by weighted least squares to

the points for Channel A, ékcluding'the' lowest-energy point near 3 Mev.

The curve for Channel B, Which has a narrower slit befo.re the second

 tube, was obtained by adding to S(A) lfO% of the correction S(A)'—i°

This gives a reasonable fit to the data for Channel B except for one

low point at 9 Mév. ' |

5. Energy Loss by lonization

A second correction is neceVSSary for th¢ electron energy loés
by ionization and collision pvrocesses in the target. To determine it,
one must know the electron'path=1ength,di'stribution, and the most
probable energy loss and the energy straggling distribution as a
function of the path length. ’Fortunately there has been some good
theoretical and experimentélvwork on this problem, and the ionization
loss and straggling distribution are p‘ro.babiy known to a few percent

in the region from 5 to 20 Mev.

5

The calculations of Sternheimer are used to obtain the most

probable energy loss. He develops equations basvedbn:ex'perime-nta;l' '

1))

values of the men excitati’on‘poténtials, 1.7 The expfessiori appliéable -

to this work was later corrécted to
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'—(At/p )[B+1 06+Zln(p/pc)+ln(At/['3 )- 5 ] 18

and the values to the conistants were recalculated on the basis of more
recent experimental values of the 1on1zat1on potentials. 19 v

The shape of the energy straggling curve has been calculated
by Landau 20 and by Williams, 21 using different methods but obtaining
pract1cally the sar’n‘e results., The shape is nearly constant for various
energies, mater1als, ~and thlcknesses when plotted agamst v ‘ ’
(e -¢ )/(At/ﬁ ). The experrmental work of Goldwasser et al. 22 agrees
well w1th the. Landau d1str1but1on and w1th the most probable energy

loss as calculated from vSternhelmer_ s work. In the data_ reduction,

_the shape measured by Goldwasser et al is used with the most

probable energy loss as calculated from Sternhe1mer s equat1on

- Because the energy corrections are small one does not need
to know the target thickness accurately For the analysis the pyramidal
berylhum target was approx1mated by a cone ‘having a radial wall |
th1ckness of 0.0025 in. For the targets of carbon and polyethylene
un1form distribution of the C 13 was assumed. -Because the density of
the._C ' —enric‘hed powder in the target was not kno.wn, an experiment
was designed to rmeasure it; "Iv'he attenuation of a beam from a.Sr-Yg0
beta source passing through thevtarget was compared with that for
polyethylene of the same shape. From this study an equivalent

polyethylene wall thickness was obtained for the two targets used. .

The radial equivalent th1ckness for the th1n target was 0.0088 in. and

_for the thick target 0.0188 in. The accuracy of the measurements is

about 10% This is qu1te sufficient because the mean 1on1zat10n energy
loss for the targets used is less than 1% of the max1mum energ1es of
the activities studied. , | . » ’

The path-length distributions for the conical targets were
determined by summing the. d1str1but10ns calculated for seven sections
within the 1/8-in. beam d1ameter and deflned by planes normal to and

spaced at equal intervals along the z axis. Each of these sect1ons,

‘approximated by a cylinder, w_as divided into five rings of-equal

radial width. As surning a source located at the mean radius of the

ring and emitting particles in all directions in a plane normal to the
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'ax1s, one obtains the dlstr1but10n of 1engths from

[R crz sin 6]2=r1c036 0<6<arcs1n R /r

and

N

Cp2 L2 . 2,43 2 an®
= [RO -r. sin 6]2-r. cos6 Z[R —r1 sin 0] , arcs1n(RI/ri)i_6<_180 ,

where ZRI is the inside diameter and 'ZRO't'he outside diameter of a
section, and s is the mean radius'of the ith ring. The distribution
for the ring is obtained by calculating the A8 for a given L+AL/2.
The resulting curves of A8, which corresponds to number of particles,
versus L are weighted by ro, a ring-volume factor, and summed to
give the distribution for a particular section. Then all sections are
combinéd to 'give the pa.th-le'ngth_distribli‘_cion (F_ig_. 10a, c).

- There are thrée small corrections to the pathb'length which
have been neglected in thé calculations. Multiple scattering increases
the path length by a factor [I +—)I\—'-'—- ] to give'.. a most probable path
l.ength'. 23 The N\ is a scattering leh'gth and the correction is at most
a few tenths of a percent for the targets uséd..,

The secohd is the change in the path length due to the curvature
of the trajectory in the magnetic field. But the radius of -curvature
at the origin for a focused particle is about 3.3 in., and therefore the
‘correction is again neg11g1b1e for the’ 1/8 d1am source.

- The last one is the change of the path length for angles of
" emission out of the median plane. The maximum angle is limited to
~afew degrees by thé annular .slit,‘ Also, becaﬁse‘t‘he cone walls
intersect the median plaAnev at an'én'gle, some paths are increased and
others decreased. This correction is small compared with the
approximations used and has been neglected.

The next step consisted of the folding of the ionization-loss
distribution into the p‘ath length distributioni. This was done graphically
by determ1n1ng at equal intervals’ along the. path d1str1but1on the most :
probable loss and correspondmg stragglmg curve normalized by area
and the path:kngh probab111ty. The summation of ordinates at '
iritérvalg in the energy 'scale then gives the resultant energy-loss

distribution of electrons originating in the target (Fig. 10b,d).

gl
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Fig. 10. Path length and ionization-energy loss distributions
for the C targets. The arrows indicate the positions '
of the ordinates bisecting the areas under the curves.
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The effect of the iénization loss on the spectra is to shift the
energy scale by an amoﬁnt approximately equal to the loss. which
bisects the area under the energy-loss distribution curve. This may
be demonstrdtéd'by folding the dist’ributior; into a calculated spectrum
and deterfninir{g the shift in the Kurie -function end point. Exbépt
‘where the distribution overlaps the end point, the Kurie function is
still essentially straight for an allowed shape. Therefore an energy
equal to this half-area energy loss is added to thé experimental upper
limit obtained from the least-squares fit.- The beryllium-target
energy correction has been derived from its half-area path length by
extrapolation of the relation of the half-area path to the half-area
energy loss for the carbon=-béaring targets.

To cover many faéfors, an accuracy of 20% has been assigned
to the energy-loss correction of“the carbon-bearing t"afgets and 25%
for the beryllium target. For the .la‘tter9 the main errors are the
approximation of a pyramidr by a cone and the extr.apolationy;o'f' the half-
area energy for the path distribution by the use of the thicker—t-arget
results as a guide. For the car‘bonﬂtargets, the comparative-thickness
measurement and the assumption of uniform distribution of the carbon
isotopes are contributing factors. ‘Another assu‘mptioh that is not
exact is that the target energy loéses can be treated separately from
the spectrometer. resolution. But for the resolution used and the
losSes involved this is a small effect.

6. Radiation Loss

v The bremsstrahlung :introduces another energy loss that should
be considered. Bethe and Heitler have derived expressions for the
straggling distributions. 25 For .ligh't elements and electron energies
'in the range of interest, the corrections are negligible and are not
used in this reduction, Fr'o_‘m the experimental standpoint, the work
of Goldwasser et al. on the eneréycstraggling distribution for light
ele‘ments22 agrees well with the Landau curve without any broadening

needed for radiation losses.

g
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7. . Spiral-Orbit-Spectrometer Resolution

There are several data corrections associated with the
spectrometer resolution: or line shape (Fig. 11). The derivation of
this shape for a conical target and a 1/8-in. proton beam is descrlbed
in Appendix B. For a curve symmetncal about AB/B = 0, corres-
ponding to the energy of the focal circle for a given current setting,

the theoretical beta spectrum is mod1f1ed significantly only at the

- maximum energy within the width of the hne shape For an asymmetric

function, one obtains an energy shift of the spectrum equal to the
energy difference between the set energy and the energy whose ordinate
bisects the area under the curve. Here AT/T, Ap/p,;' and AB/B are
used interchangeably because for\the range under consideration the
electron energy is proportional to the momentum and therefore the
magnetic field. The resolution curve shown is for the slit system
centered on the focal circle. ‘The full width at half amplitude is 1.3%. -
The 'pi'obability of focusing higher—'energgr electrons is obtained from
the right side of the curve. The asymmetry necessitates an energy
correction of 0.043% to be. added to T. . |

There are two other ‘effécts that shoﬁld be mentioned -briéf'ly
here and are discussed more fully in Section VI. One is thé energy
shift caused by the detectors' béiﬁg slightly outside the focal circle,
as mentioned before. Sinc_é the magnetic field is not quite symmetrical
for Channel B the moment"um in the focal circle is slightly lower. As
a result Cha}nnbel A requires a 0.3% increase in the calibration energy,

and Channel B as a result of the two effects requires a 0.1% reduction

.in the calibration energy.
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Fig. 11. Resolution function of the spiral-orbit:-spectrometer

for a 1/8-in. beam and a conical target. The arrow
" indicates the position of the ordinate bisecting the area
under the curve. ' ' '
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V. EXPERIMENTAL RESULTS
A. Boron-8 and L1th1um 8

1. Lifetime , v
Because the lifetimes of L18 and B8 are nearly é‘q'ual, the same
gaté widths and linear-accelerator cycliﬁg were used for both. The
16 -pulse beam-on and 112-pulse beam-off cycle with 15 pulses per
second gives ab‘out 10 half lives betwéen bombardrhents. Ten consec- -
utive gates of width 0.7 sec were then trigge-red to follow the decay of
the activities. . Several sets of data were tékén on different days, and
the gates have slightly different calibrated widths.
For the Li8 decay, the da.ta 1nd1cated no need for background
subtraction within the stat1st1cs of the counts in the final gates. A

mean half life of 0. 87 + 0.01 sec is obtamed from the least-squares-

fit values for the runs presente_d in Table I. The results of other

experiments are also tabulated: -The fourth run is shown in Fig. 12,

It was necessary to subtract a background to obtain the B8 lifetime.

- With a somewhat arbltrary background and a 5-sec half life, fairly

consistent lifetime data are obtained from_ the several- runs. Assumlng

all the cdurits in the first gate are B8,' one can calculate the numbers
to be expected in the final gates. " The background is normalized to the
difference of the total counts and the ‘calculated B8 counts in the last
few gates.  After this component has been subtracted, the least-
Squéres fit is applied. . The,-various_ruhs and the mean half life of
0.75 + .02 sec are presented in Table II along with results from the
literature. The fourth set of data is shown in Fig. 13.
2. Sp_ecti'a' _ _ ‘

Because the lifetimes of I__.i8 ajnd‘ B'slaré long compared with
the n.or,mal_ repe‘tition rate of the linear accelerator, a data—c.ollecting

procedure was adopted to conserve running time. In order to determine

‘the purity of the activities, preliminary spectral data were taken in

five consecutive gates covering about 2.5 lifetimes during the 2.13-sec
beam-off time of a 4.27-sec accelerator cycle. Further evidence was
obtained during'thé lifetime measurements when some data were taken
at var‘iou‘s_ e,ner‘gies. - This survey indicated that the positron data were

éonsistent with a half life of between 0.6 and 0.9 sec to as low as 2 Mev,



Table 1

Li8 lifetime

" This experiment

Other experiments

"Run No.

o U A W N =

Weighted mean of the half life is 0.873 +0.013 sec. which

Half life
(sec)

"0.897

o o o o ©
o
o
~J

Standard
deviation

0.012
0.015
0.054
0.019
0.025
0.028

includes 0.75% error in time scale.

 (sec)

O O O O O O o o o o

Half life

.88 +0.1
.88 % 0.03
.89 +0.02%
.88

.825 £ 0.02
.89

.85 +0.016

.875 £ 0.02
.841 +0.004

.89 +0.01"

‘Reference
No.

26
27
28
29
30

3
© 32
33
34

35

%A footnote in Reference 30 indicates that this value may be high.
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Fig. 12. Example of a decay curve for Lis-(Run 4).



Table II

B8 Lifetime

-~ This experiment

Other experiments

Run No. -  Half life
' ' {sec)
1 0.743
T 0.812
345 - 0.705
4 0.736

6 0757

.Weighted mean of ‘the half life is 0.75+0.02:sec -which. . =

includes an assumed 0.75% error in time scale.

Standard IS . Half life - Reference

. deviation ‘ S . (sec). - No.
~0.056 | _ | 0.65+0.1 3
1 0.046 | 0.61£0.11 32
1 0.050 | || o.780.01 36
0.048 o 3 D
0.083 |
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g®
® Original data .-

A Data corrected
. for background - -

. 'I1='0.74 sec
/ 2 |
- ® 4 Background

10g (0.7 N/At)

Time (sec)

MU-15575

H R : - . c’_ . R B . N )

Fig, 13. "Example of a decay curve for B8(Run 4).” For
- clarity the background and original data are offset from the
. corrected data. '
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and the electron data were consistent with a haif-life between 0.8 and
0.9 sec to as low as 1.5 Mev. These values are in agreement with the
measured lifetimes. The identity is lost in the low-energy region in
background and other activities. Most of the spectral data were then
taken with the normal accelerator operation of 15 pulses per sec and
a 50 msec gate delayed 12 msec after the beam pulse.  The Kurie
functions of the data taken by the two methods were in good agreement
for both_B8 and Li8, and indicate that there is little interference from
other activities or background. _

The data were corrected for scattering in the detector and for
background. ,Because within statistical error the background was the
same for 1_38 and Li8 above 15.5 Mev, the data were combined and
fitted with a weighted least-squares line. . For Li® in Channel A
(Fig. 14) at 16 Mev, the background is about 0.3% of the peak spectral
counts per microcou‘.lomb, and at 7 Mev it is abbut 0.7%. For B8 in
Channel A (Fig. 15):the corresponding figures are 1.8% and 3.6%.  In
the figures, the Li8 backgrouhd appears mﬁCh less than that for B8
‘because of the normalization. . The lifetime data taken above 15 Mev
show no indication of any.decay over a period of about 5 sec, but the
counts in each gate are few.

The subsequent analysis of the L18 and B8 beta spectra is
complicated by the nature of the daughter nuclide Be8., 37 This nucleus
is unstable.to heavy-particle emission, and the levels decay in a veAry
short time into-two ‘a‘lpha particles. | |

One approach would be to calculate the spectra by the use of
the known data on the levels in B'e8. Because the states having the
same angular'momentﬁm are widely spaced, one can appiy the single-
level resonance theory to obtain a density of states available to beta

transitions. 38 Thus we have
a(E) = [Ey-E)* + T 2/4] 7,

whe_re’E0 is the excitat_ion energy of the level and I" is the ful_i width
at ha.lf—émpli_tude, Then a.composite spectrum may be calculated if
a superposition of many simple spectra each weighted by the corres-

ponding a(E) is assumed. Using the first excited-state parameters,
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14. Kurle function. for L18 in Channel A The end-point
region is shown with an expanded ordinate and without the
correction for background (dashed curve). The solid curve
is calculated from the Be8 alpha spectrum. The triangles
are the branching obtained from the straight line.  Standard

 deviations are indicated. The arrows indicate the expected

end points for 0-, 2.9-, and 11-Mev levels.in Be
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Fig. 15. Kurie function for B® in Channel A. The end-point
. region is shown with an expanded ordinate and without the
correction for backgroun% (dashed curve). The solid curve
is calculated from the Be” alpha spectrum. The triangles
indicate the branching obtained from the straight line.
Standard deviations are indicated. The arrows indicate the
end points expected for 0-, 2.9-, and'11-Mev levels in Be
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one predicts an excess of high-energy electrons and a lack of low-
energy ones. The B68 alpha spectrum predicted by this density of
states if populated by the Li8 decay is shown in Fig. 16. However,
another factor, the Coulomb barrier to alpha decay, 39 has been -
neglected. Because in one mean life of the level following its creation
by the beta transition, the electron travels a distance of the order of
its wave length, the wave function of the electron and, as a result, its
momentum may be affected by the Be8 decay. The Coulomb barrier
to alpha decay inhibits the transition from lower excitation energies
more than from higher ones. - Therefore one would expect fewer high-
energy electrons than are predicted by the simple one-level theory.
Incidentally, this does not expiain the lack of transitions to the ground
state, because the ground-state lifetime is much 1onger, and its
decay should not perturb the electron wave functions. Multiplication
of the one —',level vtheory by the barrier-penetrability factor thén gives
.one good agreement for’ the upper part of the beta spectrum. (Figure
16 shows the effect on the expected alpha spectrum). This factor is
sensitive to the separation of the alpha partivcles in Be8. A smaller
radius increases the barrier and in‘consequence‘ enhances the-
probability of lower-energy electrons relative to those at higher
energy. This improves agreement with the data. But from the level
width and from alpha-alpha scattering, one expects a fairly large
separation of the ‘alpha particles. 40 Therefore, to explain the low -
energy electrons one must introduce transitions to higher 1e\§15 in
Be8. There is strong evidence of a‘brci)ad level near 11 Mev. 40 Here
the Coulomb factor again inhibits the lo‘wmenergy tail of the resonance,
because the state has a short lifetime, and the barrier is higher be-
cause of the \larger angular morb'entum. _

. Thus, to fit the beté. spectra of _Li8 and.BS, one has several
parameters for eaéh level. These are the energy widths of the states,
the alpha-particle s-epa_.rations', and the beta-decay transition p'robé—
bilities to the two levels that depend on the angular momentum and
nuclear configuratiéns as well as the available phase space. Several
combinations were tried, and i.t appears that a fit can be obtained with
the 2.9-Mev and li-Mév levels, but it seemed more enlightening to

pursue other methods.
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2.aPfo »
3.Mean of several experiments

4.Bonner et al

5.Frost and Hanna
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MU-15578

16, Be8 alpha spectra. Curve 1 is a one-level resonance
distribution of states populated by the Li® beta decay. Cu§ve
2 is modified by the Coulomb barrier to alpha decay of Be
Curve 3 is a mean from several experiments. Curves 4 and

"5 are smooth curves through experimental data as presented

by Frost and Hanna.
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_ A second ap“pr’oaﬂch4l’_‘iv>s. to covrrela_te’the gomélex spectral shapes
. with the experlmental Be8 alph;_tfdecay’spectra following the LiS transi-
tiont 42043 L4 the B® transition. 4 - Gilbert finds that the alpha-decay
following‘thef‘Lig_ and B8 beta transitions are the same within his stat-

. istics of .159 B8. and 1252.,L18_n'uc1e1. 4v If one assumes no intermediate
Y-ray transitions, the alpha spectrum should give the density of states
in Be8 available to beta transitions. But first-an energy norma11zat10n
‘must be made, because the beta- decay transition probability increases
with the energy av__a1_1ab_le. Let Q be the energy of the parent nuclide
relative to:the Bes ground state; then Q' =Q + 0.0;96 Mef\? is the enefgy
. available to the P-a cascade, because thé gﬂroubr_lld state, of Be8 is un-
stable by 0.096 Mev. 37 letE' = 2E be.the total kinetic énergy of the
~two alpha particles: Then the dens1ty of states. a(E') is given by

' o ' QU-E!
‘a(E')fo(Wo)-?a(E") j [@"-E")-W]' “Iw

1
Zﬂl]z WAW=N_(E"),

where N (E') is the alpha spectrum, W the energy of the electron in-

cludlng its rest mass in unlts of mocz, and
Wo: = Q” E'E' = Q' +1 -E
is the total 'energy available for the beta transition. In positron

emission, two electron r.navsses must be subtracted from the energy

'differ’encer. The beta spectrum is given by

: Qn f‘

wd wj a(E")[(Q"-E')- W] dE"'.
0

That is, at 2 given value of W there are contributions from all transitions

1
2

N(W)dW = F(Z, W) w2.1]

with an upper energy limit W, = Q"-E' >W ‘each weighted by its
correspond1ng a(E'). ]

Frost and Hanna present the n‘easured alpha spectra of various

-experimenters. 42 From these an approximate mean curve:(Fig. 16)
“is taken, and divided- by the fO factor to obtain a(E ). Assuming

Q = 16.0 Mev for" L1_8 and'Q - Zmocz-- 16.8 Mev for B_8, one can -
-calculate the Kurie functions. expected. . ‘
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-Examination of the Kurie plot of the Li8 data collected in
Channel A (Fig. 14) and corrected for backgr‘ound and scattering but
not for the energy shows good agreement above 3'M'ev'vl/ith the curve
derived from the alpha=spectrurn. The calculated curve,: which has
been shifted slightly for a better fit, and the data are normalized
arbitrarily at 7.35 Mev. Below 3 Mev one finds more electrons than
predicted. The accur_acy of the data collected in Channel B was

statistically'pOOrer;' The calculated curve lies above the data from

' 'less than 4 Mev.

Both the electron data and alpha partlcle data are inaccurate
in this region. In.the former,. the scattering correction is large and
the bac.kground uncertain. 'For t'he latter the numbers are small,
being on the high-energy 'tai'l' One '4should'note that Fig. 16 presents
the logarithm of the alpha spectrum ~and at first glance is misleading
as to the actual number of h1gh energy alpha part1cles

One can obta1-n‘:a‘m-ea‘.su_rle_‘.of«t;he I__,12?'_=‘Be8 Q value from the
fit of the Kurie function calcul’ateﬂd‘ fv:r'orn the alpha spectrum with
Q - 16 Mev. ' If the curve is shifted 00'1 Mevvto the left, one finds the
closest fit, For Channel B a.‘s'im_ilar_ shift is needed, The accuracy
is about 0.1 Mev and isb p.art'iallyi'dependent' on the normalization.
These values, corrected for the varioue,'effects mentioned in Section
IV, 5 and 7, are recorded in Table III along with values from the
literature. The mean 'val.uevvfo.r”fQ_ is 15.94 + 0.08 Mev. This gi.ves
a Li® mass excess of 24.97 + 0.09 millimass units in agreement with
- accepted values. '. : | A» | : S _

Returnlng to the B8 data, one flnds a similar behavior., For
Channel A, F1g 15 the calculated Kurie functlon is in fair agree-
ment with the data above 8 Mev Below 6 Mev there is an excess of
positrons over the predicted number The percentage of background
is higher than for L18 by a factor of five, and the extrapolation of the
high-energy background may be 1nsuff1c1ent On the other hand one
may conclude that the excess of p051trons indicates that trans1t1on to-‘
. higher-energy. Be sta.tes is favored over the L18 transition more

than is expected from the increased energy available:. Also the



‘Table III
' Q values for Li®
Experiment . a Calbration Ionization Resolution  Q " Mass End
’ : Q correction ‘correction half-area (Mev) - excess . 'pointb
{(Mev) to 13 Mev (Mev) correction . ' - {mmu) (Mev)

. : (Mev) ' ‘  (Mev) - . . T
This work: ‘ ' - . _ o

Channel A 15.9+.1  0.042+.026 0.02+.005 0.006+.003 15.97 +,10

Channél B~ 15.9%£.1 -0.013£.032 0.02£.005 0.006%.003 15.91"+.10

Channels Aad B , | - : . 24.97+.09

Other experiments:

Reference 37 | - o . 25.02+.03

.=zg-.

Weighted mean Q {Channels A and B) 15.94+.07 Mev _
With 0.3%calibration error (To 13 Mev) 15.94+,08 Mev =17.12%.09 mmmu o
' o 13.04+£.08

From fit of“spectfum calculated from N .

bFrom 2.9-Mev level in Be?.
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(ﬁ ) Be (2a) alpha spectrum should show more high-energy alpha
particles than the Li ([3 )Be (Za) spectrum. Gilbert finds the two
alpha spectra the same, but his statistics for the B8 cascade are
1nsuff1c1ent to show up the 5 to 10% difference 1nd1cated by the beta
spectrum '

"As before, one can obtain a Q value for the tran31t1on No
shifti'ng of the calculated curve is needed for Channel A. | For Channel
B a shift to the right of 0.1 Mev improves the fit. Makin»}gk the )
necessary energy corrections as ‘before (Table IV) one obtains
Q =1791£0.12 Mev, which gives a B8 mass excess of 27.08 £ 0.13 milli-
mass units.  This is in good agreement with the listed values.

One can.attempt to obtain branching percentages by subtracting
out the successive clomponen’cs° . Because no part of the Li8 or B8
spectrum shows linearity, one must draw a somewhat arBitr;ary
straight line, with the result that any 'percenta;ge of branchirxg will be
quite uncertain. On the other harld, by drawing a corresponding line
for Lvi8 and B8 one can obtain qualitative numbers to compare the
relative amounts of branching. Any transitiovns'to the ground state are
obscured by the background. ‘ , _

- To begin, one can put upper-limits on the decay to the ground'
state. The background counting rate increases'as the focus energy
decreases (Figs. 14 and 15). If one assumes a censtant background
deter:minedfby a mean value of the counts above the energy available
fpr the groﬁnd'-state transition and subtracts it from the data, an
upper limit on the percent of decay can be obtained. This analysis
" indicates that less than 1% of the total ;8 decay and less than 5% of
the B8 decay is to the ground state of Besa These limits are probably -
too hig}r for several reasons. Firstly, the background was assumed
flat, but actually increases.toward lower energies. Secondly, the
2.9-Mev level of Be8 is quite broad and, though the Coulomb barrier
should inhibit the lower excitation-energy tail, the increased energy
difference available to the bet_altransition counteracts this in p'arf.
Thus one may expect some electrons found in the region near the upper

limit to belong'to the transition to the first excited‘:state.r Another

factor is that the lifetime data show no indication of a decay rate in this

¥



Table IV

Values of Q and Q—.Zmoc2 for B8 '
- Calibration Ionization, Resolutionl »Q—Zmocz - Mass Q End
Exper}ment : o > a correction correcs —half-area’ ) : excess pointbv
Q=-2m0c to 14 Mev tion correction {(Mev}) (mmu) (Mev) (Mev) -
- (Mev) (Mev) (Mev) (Mev) oo
;i’hi’s wof_k , '
 Channel A 16.8+.15  0.045+.028 0,02+.005 0.006+,003 .16.87 *.15
Channel B- 16.9:i:.15 -0.014+.035 -0.02+.005 0.006:!:.003‘ 16.91 £.15 -
- Channels | | 27.08+.13 17.91%.12
A&B _ ‘ .

Other experiments

o Réfe_rence 37
Reference 36

Reference 3 -

26.95+.30
27.16.01
27

Weighted mean Q-2m.c

-2

(Channels A and %)
With 0.3% calibration error
{to 14 Mev)

16.89+.11 Mev

16.89+.12 Mev

13.99&,1'2 -

From fit of spectrum calculated from N,

From 2.9-Mev level in Be®.

8

_vg—.
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energy range. Finally, the fact that the background is nearly the sa.me
for the various ‘targets and activities. 1nd1cates that these counts arise
ma1n1y from sources other than the target. o _

» » . In the branching analysis of L18,. an ‘arBitfary liné intercepting
the abscissa at 12.5 Mev was fitted 'thr,ough the data near 7.5 Mev (Fig.
14). This gives a branching of about 11% to states above the 2.9-Mev
level. It'appears that a further separation into two components is
possible with end points of about 7 and 3 Mev. But the end point of the
higher-energy part dependé on the straight line chosen previously. A
reasonable fit'to the data could be obtained from a transition to a broad

' level.near 11 Mev.

v Hornyak and Lauritsen find similar behavior for Li8 with less
tHan 2% transition to the ground state .of.Bes and about IO% to the 10 and
13-Mev levels;Z -Gilbert's combined alpha spectfum follov;)ing the Li8
and B8 decay indicates about 15% from states above the 2.9-Mev level.

For B8' an analogous line (Fig. 15)is F()btained by shifting the
two fitted points up about 1 Mev, corresponding to the difference in the
energy available for the beta transitions. This gives about 19% of the
total to levels Zabove’ 2.9 Mev. Again it appears pdssible to analyze the
Kurie function into branches with end points of 4 .and 8 Mev, or into one
branch to a broad level near 11 Mev. Below Z Mev there is a contribution.
due probably to an oxide film on the target

The ratlo of the L1,8 to B8 produced b‘y the 32~=Me.V; protons is
five to one, in agreement with Alvarez“'s findings:, 3 One would expect
the inverse with the B8 from the p, 2n reaction more plentiful than the

from the 15, 2p»reac'tion._ _

This conclusion is based on the concept of the formation of a
compound nucleus in the reaction. Because the energy of fhe incident
profon is high and the atomic number bf the target nucleus is low, the
assumption of an intermediate nucleus probably is not valid. The
predominance of the Li8 activity may be expla1ned by a p-p scatterlng.
process wherein the 1mp1ng1ng proton is not bound and the other is
knocked out of the nucleus. For em1ssmn of two neutrons,- more com -
p11cated scatter1ng mechan1sms are’ requ1red if one abandons the com-

8 8 .
pounu=nuc1eus idea. On this basis more Li  than B® is expected.



=56 -~

3. . Conclusion”

It appears that the L18 and B8 spectra 'can be"e'>~<p'1‘ained‘ by
tran81t10ns to the broad 2. 9 Mev and 11 Mev 1evels of Be8, on the basis
of the shapes of the spectra and the predlctlon of these shapes from the
alpha spectrum f0110w1ng the Be8 breakup Assummg these levels and
the branchlng percentages, one may calcul.ate the log -ft values For
Li 8 they are greater than 8 to the ground state, 5.67 to the 2 9 Mev level,
and 4.6 to the 11- Mev level. The corresponding values for B8 re
greater than 7.3, 5. 72, and 4.6. o ' .

The L18 and B8 nuclides seem to be limited to spins of 2 or 3.
Nordhe1m s rules for odd odd nuclei predict either of these values. 44
The nature of the beta transition puts some restriction on the spin
assignment. The ground state of B'e8 with spin zero is forbidden, and
the 2.9-Mev level of spin, 2 is allowed though lunfavo'red f.or the decay as
indicated by the ft values. This also suggests a spin of two erlthree for
B® and LiB. With the assumption that a single level is involved in the
lower branch, the ft value is in the‘ allowed range., From the agreement
of the Kurie plot calculated from the alpha spectrum, ‘one concludes that
this level decays by alpha emission. Also a phase-shift analysis of
a-d scattering indicates a spin-four level near 11 Mev. 40 Both the
alpha-particle model45 and shell 'nnode].46 predict a series of Be8 levels
of splin 0, 2, 4, --- with nearly the proper ratio of energies., Other
intermediate levels Wodid require an excitatien of the nucleus to levels
outside the ground-state configuration, but no such calculations have
been made. Recent experimental work, reviewed briefly by Nilson etal,
gives little support for the intermediate levels formerly reported. There— '
fore the evidence favors spin 3 for Li® and B8 to perrnit allowed transitions
to the spin-4 and spin-2 levels of Be8 and not to the spin-zero ground
state. - | - | |

Some early evidence on angular correlations in the cascade
frcm Li8 indicated a forbidden transition. 33,47 vThe conchisi_on is based |
on the assumption tha_t no angular correlation exists for an alloxived beta
transition,_ but Morita and.Y'amada calculate.d‘pbssible angular dependences
for allowed transition, assuming that p and d .\i/av.els are effective at high
beta-decay energies. 48 An imprbx}ed expe'rirnent49 which retracts earlier

results reports no angular correlation in the cascade.
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B. Boron-12 and Nitrogen-12

1. Lifetime y

The lifetimes of Bl'2 and N were followed W1th consecutive
‘zates covering up to 10 half lives w1th the linear accelerator operatmg -
"at 7.5 and 3.75 pulses per second. Several sets of data were taken on
different days, and the results for each nuclide were comblned for an
average half life. . '

" The lifetimes from the leasf-squares fits to the B12 data are
prvesented in Table V along with _values. from the literature, - The mean
value of the half life is 20.6 £0.2 msec, a figure ‘fa.lling befween the
older and newer values quoted. The second set of daté. is plotted in
Fig. 17. ' |
’ The le lifetime data are shown in Table VI, It was necessary
to correct for a background in the last two runs.v An assumed back-
ground (constant in time and of sufficient magnitude) was subtracted
from the data to give a rough fit to a straight line on a semilog plot.

Then the least-squares calculation was made. The other runs showed

no need for a background ¢orrection. The mean value is 1»1.,4_3 +0.05 msec
and is lower than the 12.5 £1 msec reported by Alvarez. 7 Figure 6
shows the data for the third run. a ' ‘

2. Spectra ,
The data for the le and Blz spectra were collected with the

normal 15 pulses-per-second repetition rate of the linear accelerator.

With fbive tandem gates, each of 10-msec duration, fhe le_ activity

could be followed for about five half lives between beam pulsevs, while

Bl2 could be followed for about two and one-half., With this and other

more extensive lifetime checks at various energieé the negative-

electron spectrum was consistent with a 11fet1me of about 20 msec down

to an energy of 2 Mev, where the counting statistics are poor. For le

below about 10 Mev there is evidence of a small percentage of a longer - o
lived activity, and below 3.5 Mev the lifetime 1dent1ty of N1 is obscured
by other activities. _ ' |

 The background above the max1mum energy of le was the
same within statlstlcs for N 12 and B for both the th1ck and thln targets.

Therefore all the data for each channel were comb1ned to obta1n better
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Table V

B 12 lifetime

This experiment

Run No.

1
2

3
4
5
6
7
8
9
e

Half life
{(msec)
21.19
20.88 .
20.91
-20.59
20.71
21.16
19.86-
120.12
20.68

' Weighted mean half life

Standard deviation

057

0.56
0.79
0.89
0.67
1.14
0.91

'0.40
0.34

{with assumed 0.3% error

in time scale) = 20.6 :I:O.Z'm'sec‘,‘..

18.5+1

- Other experiments
Half life Reference
(msec) No.
2242 50
| 2T7x2 51
27+3 . 52
221 34
+1.5 '
18.0 713 53
54

=86~
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Fig: 17. Example of a decay curve for B12 (Run 2).



TaB le VI

Ni2 lifetime
\,Th'is experiment _ _ Other experiments
:Run No. Half life. . Standard deviation = =~ Half life Reference No.'
' : " (msec) : : S (msec) ‘ -
1 11.492 0.086 - | 1251 7
2 11.460 0.089 ‘
3 11.576 . 0.101
4 11.503 0.113
. []
5 11.360 ©0.046 S
L : '
6 - - 11.428 -+ 0.068 -
: Wéiéhted mean half life (with assumed error in
time scale of 0.3%5: 11,43.20.05 msec).
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statistics for a least-squares straight-line fit. Channel A has a slightly
higher backgrc)und than B because of the modiffed detector slit.  In
Channel A thisnbackground at 16.5 Mev is 0.5% of the rmaximum counting )
rate. . At the energy of the peak counting rate, the backgrcund is a.boutv
0.9%. For Bl-2 the corresponding figures are 0.9% at: 13.4 Mev and
1.2 /0 at the peak counting-rate energy. |

“'The Kurie function for B 2 corrected for the extrapolat1on
- background and scattering is shown in Fig. 18, The energy has not
been adjusted for the fnean ionization loss in the target and the other -
beriergy corrections. | v »

The end points of the spectrum were determin:ed.for the two
targets and tv?/o,detector systems vby-least—squ‘ares straight lines
through the deta above the first branch. Table VII contains the four
values and the energy corrections. The mean value is 13.40 £0.05 Mev,
-which givesa B fnass excess of 18.19+0.06 millimass units, in agree-
ment with the other values given.

One component to the 4.43-Mev ’-Cvlz level can be resolved, 37
_but.‘the scatter .of the data does not permit any further separation. The .
four sets of data do indicate that one’and possibly two other states are
involved. The relative afnounts of the transitions to the ground state
and first excited state are 100 to 6 with log-ft values of 4.11 and 4.5.

- The remainder is a few ,percent of the t‘otai, - Hornyak and Lauritsen -
analyze their B12 spectvrum‘ (see Fig. 18) into the ground-state com-
pvonent with 5% to the 7.65-Mev level, and-a level or levels near

11 Mev in C 2 2 .They state that up to 5% decay to the 4.43-Mev level
cannot be excluded. - Tanner, using least-squares methods, reanalyzed
Hornyak and Lauritsen's data with the benefit of recent data on C12
levels. 5 He obtained a good fit with less than 0. 1% to the 4.23-Mev
level, 4.8% to the 7 65-Mev level and 3.2% to a level near 11 Mev.
‘However, the plot versus total energy of the function [N/p ]2/[W -W]
shows up to 2% to the 4.43 Mev-level and several percent to the
9.61-Mev level.

Then, studylng B-y and y-vy co1nc1dences from the B decay,

- Tanner found, relative to the transition to the C 12 ground state,

1.7+£0.4% to the 4.43-Mev state'and 0.0+0.2% to the 7.65-Mev level



Table VII

-

B12 end point

Resolution ~End

Experiment Target Least- ~ . Calibration - Ionization - Mass
a ' squares correction correction half-area point .excess
end point {Mev) {(Mev) correction (Mev). (mmu)
This work o . , '
Channel A Thick 13.296+.045  0.040+.027 0.095%.02 0.006+.003 13.437+.056
Channel A Thin 13.272+.085  0.040%.027 0.05 .01 0.006+.003 13.368+.090 -
Channel B ' Thick 13.253%.033 -0.013£.033 0.0952.02 0.006+.003 13.341+.051
Channel B Thin  13.484+.095 -0.013£.033 0.05 +.01 0.006+.003 13.527+.101
Channels 18.19+,06%
A&B v ‘
~ Other Experiments: _
Reference 2. 13.43£,06  18.22+.06
Reference 37 18.163+,021
Weighted-mean end point _(Chaﬁnéls A & B) 13.397+.035 Mev.

With.0.3% calibration error

Q value

13,
13,

40 £.05 Mev |
40 :I:.OSVMevbz' 14.39+.06 mmu

%The mass excess of Clz_is,3.804:l:.016 mmuf}?

—29_
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P . N . ,
, BIZ |
A This experiment
o Points on smooth
curve through Hornyak
and Lauritsen’s data from
a magnetic-lens spectrometer

o )
Kinetic energy (Mev) |
- . MU-15580

Fig. 18. Kurie function for B12 in Channel A with the thick .
target. The curve from a magnetic-lens spectrometer is '
also presented. The arrows indicate the end points expected "
for the C12 levels. These are not shifted to account for the
energy losses and calibration corrections. '
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" if that level decays ‘by a cascade only. 2, Cook et al., by detection of
alpha particles associated with the _B12 beta transition, find that
1.320.4% of the total decay.is to the 7.65-Mev level of Clz, which then
decays primarily into alpha particles. 6 ‘It seems' then that the preserit
data give too.large a branching percentage to the 4.43 ;Mev level, but
this figure may be in error by 50%. o
. As mentioned previous Iy,‘ the le spectrum is accompanied
by other activities. Using the lifetime data collected with the spectral
measurement, one can obtain a background in addition to that determined

| by the extrapolation of the counts above the maximum energy. The
procedure is to subtract a background that is constant in time from
the data in the five gates to obtain a fit to an 11.5-msec half life. This
- was done. for the t"hick target, which has better counting statistics. The"

background numbers ;)btained fluctuate quite‘é'bit, but show a decrease

with increasing energy. A smooth curve was_ drawn through the data

and joined to the straight-line background at about 12 Mev. There is a
_.sharp rise at about 3.5 Mev due to another act1v1ty

- The higher-energy part of this addltlonal background is probably

8

‘B~. Alvarez, 3 in proton bombardment of a CH proportional counter,

observed a weak delayed alpha emltter of about4a 0. 5 sec half life and
a threshold consistent with the C (p, na)BS reaction.

Assuming that the added background is B8, one finds that the
total amount of B8 is less than 2% of the total le decay in the five
'ga_tes for the thick target and a repetition rate of 15 pulses per second.
One can calculate the expected shapes of the Kurie function for each
of the five gates with small percentages of B8 and compare them with
the actual-data. The shapes are qu1te different toward the lower
-energies, because the amount of N 12 decreases by a factor of 11 over
“£1ve 10-msec gates while the-’B8 contribution is nearly constant. The
actual data from the first through the fourth gates seem to agree in
shape."fairly well with one another.  The K\'J.rie function from the fifth
' gate indicates some B8, but the statistics are poor. The five Kurie
functions were normalized by the:least-squares line through the data
above 12 Mev, and the agreement is partially dependent on this

normalization. It appears .that an upper limit of about 2% of the
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number of positrons detected are Af_rom‘ B8 for thi_s target. and proton
pulse rate. | a ._ ) | _ .

The steep rise in the act1v1ty below about 3.5 Mev seems to
orilginate from the C13, because polyethylene targets do not show it.
. As a result of the reduction from BaCO With magnesium and the
subsequent washmg with hydrochlorlc ac1d there may be several
impurities in the C™ 7 that could give rise to positron activities in this
region. . | ' : _
| The Kurie funCtion for le is shown in: Fig. 19 The background
from the decay curves and that extrapolated from above the maximum
energy have been subtracted and the scattering correction applied. The
data have not been adjusted for the mean ionization loss and the other
energy corrections. Because of the uncertainty in the background, the
_ data below 3 Mev are not presented. | |

To determbine the end _point of the spectrum, a least-squares
straight line _w.as fitted to the points _ab,ove.the first branch for the-
thick and thin targets and the two detector channels These values and
the energy corrections are presented in Table“V‘I'II, The mean end
point is 16.37+0.06 Mev,l which gives a mass excess of 22.48+0.06
millimass units. This agrees with the value obtained by Ajzenberg-
-Selove et al., 55 _but is less than Alvarez's value by several standard
deviations. | _ | |

- Two branches may be resolved in the Kurie funct1on The

stralght lines shown are fitted to the data and to the end. po1nts
corresponding to the 4.43-Mev and 7. 65-Mev levels 1n.C . The mean
energy loss in the target and the cahbratlon adJustments have been
subtracted to agree with the energy scale of the graph. For the three
components, the lines give relative amountscd 100, 15, and 3 with log
ft values of 4.17, 4.4, and 4.4.- Alvarez, in study1ng delayed alpha
emltters found an activity consistent with an N 12 transition to a level
of C1 near 11 Mev, which decays into three alpha part1cles 3 This
. branch could be easily masked in the experiment reported here by the b

large background subtraction in this energy reg1on
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“Fig. 19. Kurie function for le in Channel A with the -thick
' target. Below 3 Mev the N12 is obscured by other activities.
The arrows indicate the end points expected for the clz

levels. These are not adjusted for the energy losses and
calibration corrections.



Table VIII

Nitrogen-12 end point

Experiment

Target Least-- . Calibration Ionization Resolution End Mass
' squares correction correction half-area point excess
end point (Mev) (Mev) correction (Mev) {mmu)
_ {Mev) - (Mev)
This work ' o '
Channel A Thick 16.260+.053 0.049+.032 0.095%.02 0.007+£.003  16.411+£.065
. Channel A Thin  16.255%.043 70.049+.032 - 0.05 .01 0.007+£.003 16.361+.055
Channel B Thick 16.209+.070 -0.016%.041 . 0.095+.02 ~ 0.007+.003 16.295+.084
Channel B Thin 16.347+.051 -0.016+.041 ~ 0.05 +.01 0.007+£.003 16.388+.066
_ Channels | 22.48+.06% 5
A&B : 9
Other experifnents .
Reference 7 16.6 .2 22.8.+.15
Reference 55 22.55+.07

Weighted mean end point-
- {Channels A and B)

With 0.3% calibration correction

Q value

16.370+,032 Mev

. 16."37 .06 Mev
©17.39+,06 Mev=18.68+.06 mmu

aThe mass excess of C12

is 3.804+.016 mmu, >’
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3. C oncﬂlusion

The ev1dence from th1s experlment and the several others
12

._mentloned shows that the N and B nuchdes decay, as expected

to the same levels in Clz.' The log ft values and the sp1ns of the C

states favor a spin of 1 for these mirror 1sotopes The shell model

‘rules for odd-odd nuclei also pred1ct this spm.,
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VI. ERRORS
A, Energy Callbratlon

In reduction of the data it was assumed that the current -versus -
| energy calibration was within 0 3% of absolute This estrmate arises
from three factors: the error in cal1brat1on of the bismuth magneto-

' _resistance fluxmeter, 56 the error in rad1al d1stances and‘“the error

in the sett1ng and drift of the excitation currents If all the magnetic
field values ‘are too high or too:.low by the same percentage, the focus
energy is in error by this same percentage _

A b1smuth fluxmeter callbrated aga1nst nuclear magnetic
resonance equipmert manufactured by the Laboratory for Electronics
was used to measure the radial magnet1c -field distribution in the
median plane.  The resi_stance of ‘the 'b‘isrn_uth probe, heated and-
temvperatur_e-regu‘lated to :!:'"0,04’0C, was measured in a Wheatstone
bridge circuit to within less than 0.1%. The gradient of the magnetic
field in the region of probe ca'libration vyas_’le“ss than 0.1%. The drift
of the excitation current, which was monitored by the nuclear res-
onance during the radial runs,'was less than 0, 1% and could be
corrected in the calculatlons ~-Other contr1but1ng factors are tempera-
ture fluctuations in the heated probe and the finite dimensions of the
bismuth coil. The latter introduces errors in reg1ons of large or
changing field grad1ents The comb;ned error from all these causes
is about 0.2%. _ .'

. The measurement of the fradius introduces another error. ThHe
bismuth probe was driven by a worm gear and crank with a relative ]
accuracy' of about + 0.004 in. at any radius over the 10-in. range:. A
larger error results from the.determination of the rnagnetic axis. - This
is located by the minimum of the magnetic field to within 0.01 in, The v
calculated energy is in error‘by 0.15% for this error in the radius. |

The current- Setting error is a result of several factors. The
dial on the potentiometer can be set to w1th1n less than 0.05% for
energies above 5 Mev. The current can be adjusted to the potentlometer
setting to about 0.1% accuracy..; 1If there is a__shght‘ overshoot in setting
the current, the hys‘teresis of the magnet introduces an error of about

0.1% in the field when the current is reduced to the proper value.
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- The current drift is 1es's than 0.1% and is caused mainly by temperature

changes in the coils’ as d1fferent currents are set. The combined

‘error from these causes is about 0. 2% " This is verified by the current

settings in the ca11brat10n runs, in which a little more care was taken
than during the actual measurements. of the spectra. At a current

setting - for about 15-Mev electrons and with the field monitored by

~ the nuclear resonance,‘ the reproducibility in the magnetlc field was

about 0.1% for nine repetitiens; at about 7 Mev it was' 0.14%.
In conclusion, then, the combination of these three groups

of errors g1ves a calibration of current agamst magnetic field and

focus energy within 0.3% of absolute,-above 10 Mev.

 Because of a slight horlzontal misalignment of the axes of the
two poles of the magnet, the radial magnetlc -field distribution is not
symmetric. The energy-calibration curve was determined from field
measurements on the A side in the horizontal plane. The focus én-
ergy-on the B side is 0.54+0.05 % less than the A side for the same
current setting. o

There is another adjust'ment necessary becaﬁse the slit systems'

were nominally centered on a radius of 7.75 in. , a focus -orbit value
obtained from preliminary field measurements. The radial distances

to the centers of the slits were siight].y Larger when measured. The

more accurate magnetic measurements following the experiment gave

a value of 7.71.in; for the focal circle. For a measure of the energy
shift needed, one detector sysfe\m was raised radially 1/8 in., and

the apparent ,decre-.ase in the le-end point was 0.12+0.06 Mev.

"Assuming a linear shift in energy as the detector is moved radially,

one computes for Channel A an energy correction of 0.32+0.19% to

be added to the calibration curve. For Channe’llB, 0.45 £0.25 % must

" be added. The quoted errors include the accuracy of the measurement

of the radii and the 0.01-in. reproducibility figure for detector replace-
ment. ' '
| - The pos’sibilify of a change of the spectrometer line shape with

a shift in detector position should be considered. Any change would

| dlsplace the half- area hne (Section’IV Df) and requ1re a different

energy correction for the asymmetry But results of studies on the
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line shape of a monoenergetic plutonium alpha-particle source in a
40 -in. spiral-orbit spectrometer indicate that the shape does not
change significantly with small rad1a1 d1sp1acements of the detector.
It is assumed not to change in the geometry-that was used in this
experiment. | ‘ o | v

Thus there are small corrections to the calibra.tion curve for
the detector pos1t10ns and the f1e1d asymmetry For'Channel A the
first effect requires an increase of 0.3 :1:0 2% in the energy from the
calibration curve. _For-Channg_l B the ._comb1nat1_o_n of the two effects
requires a decrease of 0.1+ 0.25 %. |

-B. Magnetic Saturation

One factor that must be studied ca;i'efully in thistjrpe of
.spectfometer is magnetic saturation of the pole pieces. Because the
focal circle is just outside the core radius, any nonuni-formity in the
magnetiiation of the iron could seriously affect the detection efficiency
as the current is increased. For ;find‘in’g- such éffects, céf-eful field
measurements were made to radii of 10 in. For seven energies
betwoen 6 and 17 Mev, the radial field values normalized by the max-
imum field for the paritiCula"i". energy wér'e'.compared‘ at every 0.5 in.
The maximum root-mean-square deviation from the mean out to 7.5 in.
was about 0.3% for the field at any particular radius. No energy-
dependent trend was notic‘éd;in _thé data, but it would be expected for
nonuniform saturation. Therefore, within the accuracy of the meas-
urements, no effects from this cause é.re' preser_lt., |

. C. Energy Loss in the First Geiger Tube

A correction is possibly needed for the enérgy loss of the
electrons in traversing the first Geiger tube. . The most p‘fobable
loss is about 0.1 Mev.  The momentum loss would result in a different
radius of curvatureb, and__electrons otherwise detected might miss the
~final Geiger tubes. This effect would lower the apparent energy
measured. | ‘ 7 v : _

In order to test this effect 0.020 and 0.040 in, of .aluminum
equivalent to about two andv four times the tube thic‘kness were placed
in turn after the first tube, and spectral points were measured near

theN end oint. Unfortunatel" the. scatterin causedb the added
P ely 24 lsea vy
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material m'asks the effect | Conf11ct1ng results are obtalned in reduc1ng

the data by various extrapolatlons of the scatter1ng correction. It

' seems hkely that the correction is less than 0.02 Mev at 16 Mev.

Because the most probable energy loss is ‘nearly constant down
Ito a few Mev, the effect becomes ‘larger at lower energles Because
of the lack of knowledge on th1s effect no correct1ons ‘have been made
to the Spectral data o
/ D. Mlsahgnment

Another effect that may cause error in the energy measured

is target and collimator m1sa11gnment with respect to the magnetic

" axis. The upstream axial hole centers the collimator, while the

downstream hole centers the target: Before the experiment the axial

| holes were misaligned by about 0.05 in. By shimming of the yoke, the

alignment was improVed. Measurements with a transit indicated that
the misalignment of the axial holes was about 0.0l in, Thus the target
and collimator could be off as much as 0. 01 in. relative to the magnetic

axis. An exper1menta1 study of the shift of the N1 end point was made

‘with.a 1/8-in. collimator which was 1,/16 in. off center. In one case

it was set horizontally nearer the detector and in another vertically
down from the axis. The upper limit apparently increases by '
0.06£0.06 Mev. For the opposing positions, because of the longer
path in the central field region, a lower energy should be measured.’
Therefore a misalignment of 0.010 in.. would require an energy
correction of less than 0.1%. This has been neglected in the data
reduction. | |

E. Drifts

As mentioned before, the effect of drifts seems to be small

(Section IV, D2). Small variations in the magnet current would not

show up in the external—to-in-ternal'consistency ratio of the counts

at the normalization point, since the spectra are relatively flat there.
For highef' or lower energies there would be a change in counting
rate. . The monitoring of the excitation current indicated that this
drift was less than O.',l%. ~ Some change might appear at higher and
lower energies,; but with the drifts of less than 0.1% any change in

counting rate would be within the counting statistics. Occasional
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scaler malfunctmmng causes errors, but usually for such cases the
data are obviously in.error and can be thrown out 7 _

Fluctuatmns in the. proton beam also cause dr1fts bﬁt they are o

qulte limited. Shifts of the center of the proton current density in the ’
, target and changes in proton energy because of fluctuat1ons in the
acceleratln_g ‘mechanism of the linear accelerator and also drifts in
the éteering -magnet cur.rent, : céﬁse variations in couﬁting rates. These
variations are due to the e_kcitation.fdnﬁctions of the éctix)ities and to
different background,. which . depend oh the proton energy and distribution
in the ta.rget Only small fluctuat1ons Would be passed by the collimators
w1thout a total beam loss. ‘The general background .,le_vel changes as
more beam is lost at the collimato_rs; - Changes in intensity of the
beam current chanée the background as well as deéd'—tim_e losses.
During 'most of the runs the beam was fairly steady, and ehecks using
various beam 1nten51t1es gave the same counting rates within the
statistical limits of the data. ) .

' Other fluctuations ar1s1ng from beam monitoring and the

electron1cs are small as 1nd1cated by the cons1stency of the data at

the normahzatlon po1nts

.G
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VII. CONCLUSIONS

The results turn out to be as expected. The transition of the
mirror pairs involves the same levels of the daughter nuclides. The
lifetimes and end points are in fairi agreement with i:jub‘lished data.

There are several improvements that could be made in the
expéri'ment, especially in the detector system. Construction of thin-
walled proportional counters would help in 'se'yérai ways. The faster
resolving times permit 'higher‘cou.ntihg,‘ra‘tes, The sensitive area
'covuld be ire,stricted to.’abbut the slit size of. th;e'devtqector system to
re"du..ce-b.ackground° -~ With thih:ne,r walls arid-perhéps two or three counters
inside one container thé- -scattéring-problem could be reduced appreciablyc
. Centering the slits in the focal circle would improve the accuracy of
the energy defe:minétior}s,. It mlght also improve the signal-to-noise
ratio. There should be aﬁ“increase in traﬁsmission' as the detector is
moved inward, and_the-background should remain about the same if it
comes mainly from sources other than the target. |

For 'stu'dy_i_hgv the branching percéntages and energies an obvious
improvement would be the detevctio.n of B-y and B-a coincidences. With
the large transmission of the spectrometer’ this would be quite feasible.

- In part, the experiment is a demonstration of the spiral-orbit
 spectrometer. One can obtain high transmissian and still have fair
resolution because of the unique focusing features of the instrument.

. The agreement of the measured end points with values in the literature
shows that thé'insturme'nt' can be accurate ly cé.librated with only the
theory as a guide.. Andther‘ evaluation of a spectrometer is to compare
its spectral shapes with those obtained by other instruments. The Bl2.
spectrum has beén measured in avrin‘gffocus magnetic-lens spectrometer.
Figure 17 shows points from a smooth curve drawn' through thedata.°

- Above 6 -Mev it is a straight line. - Within the statistical errors, the

shape obtained by the spiral-orbit spe'ctrometer is the same. A

slight change in normalization could possibly improve the agreement.

The main limitation on the accuracy of this particular spectrbmeter

in the low-energy regibns' is the detector system, but there is much

room for improvement here. -
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_ There are several advantages associated with this type of
spectrometer in use With particle accelerators Normallythe beam is
brought down the ax1a1 hole, and changes in the magnet1c f1e1d do not
deflect it as in the unlform f1e1d 180 - deg spectrometer The iron and
the current coils prov1de good sh1e1d1ng for the detectors from back-
ground radiation from the accelerator. Often it.is desirable to detect
part1c1es ‘of both charges, as in meson production, and for ‘this a
spiral- -orbit spectrometer is qu1te sultable A ' ‘

For sources of low act1v1ty, the h1gh transmlssmn by this type
of focusing is advantageous " With some sacr1f1ce in resolutlon the
detection probability can be greatly;ncreased by makmg several
modifications. Use of larger counters, both radially an‘d in the z
direction, and a wider'aunular slit will i-ncrease»the counting rate. A
field distribution with a',smaller.‘gradient near the' focet circle and
extending inward to smaller ré.dii. will decrease the radial dispersion
of trajectories near the focal orbit and also increase the z -focusing
properties of the f1e1d Both serve to increase the countlng rate.
Finally a reduction in the central angle subtended by the detector slit

system will 1ncrease the count1ng rate.

L
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. IX. APPENDICES
A Theory of the Sp1ra1 Orblt Spectormeter
For a magnetlc field ax1a11y symmetrlc around the z axis, with
=0a plane of symmetry, the components of the magnetlc f1e1d in

Cy11n.dr1cal coordinates (r, 6, z) satisfy the followrng conditions:

. Hr = Hr(z,r) = —Hr(.-z, r)"
: H@V: 0 . | |
HZ, = Hz(z,r)vz HZ.(-z, r),

The vector: potential A is helpful in this case, its components

. oA . o _ __ 0A _
being A_=A_=0and Ay= A.g(_r._:»Z) =-A, where H_= - £~ , Hy =0
' Hz: 117 (,?? (rA). For a particle of charge e and mass m; the
relativistically valid equation of motion i.:s'
SR 1
- Expressed in terms of its three ‘components, it is
(¢ -6l cerh H ceb S wAL ()
mir -r —Ver~. 'lz..—e 37 T
mrd +2%6) = er H 4enH - 2 pa)y ()
, z r r dt
and AR S i
. _ Soer - .4 AT v v
mz—-er@-.Hr—er»B 52 . (3)
-Equation (2) may be rewritten as
d 24y d .
m S (r 6) = -e Tt (rA).
. By integration, we find _
. e c ' .
1‘6 ——r—n[A“‘;]. (4)
For. initial conditions, we have . .
_ S - _ m 2, ’ -
T =rg, A = AO’ 6 = 60, and -C = s To 60.+ rOAO' | Now sub—-
stituting the expr'e'ssion for r@ of Eq. j(4)Ain v2 =7 2'-kz'2-+ (ré )2, we -
obtain '

. 2 2 VZ (:;nZ[A'*'g]Z (5)
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For a particle s‘ta'rt'ih“g from the center and moving in the plane
of symmetry, we have C =0, z =0, 2 =0, and
4o VE e/m)PAt T )
and _ v . .
mrb = -eA. | (7)

For a spiral orbit approaching a circle of radius r = p, the conditions

‘at r =p must be ¥ =0, ¥ = 0. Substituting the former equation into

q. (6) and using Eq. (7), .we obtain

mv = ;eA(p) = mp@ . : o (3)
Substi'tuting;the latter conditions in Eq. (l) and using Eq. (7), we find

-mpb =+ epH (p) = eAlp). - i (9)
Applying Stokes's theorem, ¢={K dl = fs VxA-ds = strI’ d;,
we obtain. ' rp

A(p)=% /é ,HZ rdr

and, therefore, » v

Alp) = pH,(p) = &’ jp H_(r) rdr. | (10)
Using Eq. (9) and-HZ = (1/r) aér—(rA), we find

g, =0 (11)

and thus the vector potential is a maximum at r = p. From Eqgs. (8)
and (10) the momentum of particle in the or.bit a,‘n‘d the radius of the
orbit are determined. One s-hould note that the position of this orbit
is not affected by the absolute value of the magnetic field but only by
the shape of the distribution. The value of p is quickly found by
plotting H- r and A(r) and locating their in’f:ersection, which determines

p, Fig. 4. The vector potential may be found from-H- r by Sirhpson's

’ Rule',57 or by integfatioﬁ of curves fitted to the field values. . With the

latter method, p can be determined from Eq. (l1).

A trajectory in the median plane may be determined from

9"] dej o (12)

where t and @ are obtamed from Eqs., (4) and (5) with 2 = 0.
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‘In any practical case'the source and detector have finite di-
rriensions, a._n_d one must determine the intensity and r_esolufion of the
spectrometer. . To derive the line shape or resoiution function, con-
sider in the median plane the homogeneous emission in all directions .
of monoenergetic charged particlés from the cylinder of radius T,
centered on the magnetic axis. Let the center of the detector of . -
radial width 2d be on the focal circle. Then, using Eq. (12), one can
calculate the probability of detection defined as I=9/27, where © is
the central angle for which the trajectory falls between the two
concentric circles p +d and p -d. For © Ié;r'ger’ than 2w, the intensity
should be taken as one.  This is the physical'restriction by the
detector which permits a maximum of oﬁ'e revolution of the particle
in the region of the focal circle.

Let A{p) = D with A'(r) and A'(p) = D' designating values for a
different rhégnétic -field intensity. Then, substituting Eqs.- (4) aﬁd
(5) into Eq. (12), we have |

: - . o | .
i . h . L
@=fd9 =jd_6‘ dr=/ = (A—-i- (‘:2> [v2_<3>2, éq'+g>2} > ar.
. dr m \T T . . m T
' b-d<r <ptd - | o

"In the nei_ghborhood of the‘ focal circle, we may ‘expand A(r)1 whaTaylor's

Alr) = Alp) - (p -‘r)v_(g_ﬁ*) + (p;r) (8 %> .
' » P or p

series thus

But 9A/0r ‘equals 0 at the focal radius, and division by A(p) gives

/A . - 2y 2

A(r)/Ap) =1 - (1-x)"/x"7,
. . 2 l' - :

where x = r/p and ;<2' =’2A(P)/1:E’Z <g~f—;> ] . In more familiar
. . , ] | r p :

terms: assuming H = H(p){(p/r)" near p, we find k2= 2/{n-1). In

this region n 1is greater than unity and usually about 3.

2<

For particles starting close to the axis, r(l)A0 is negligible.

Therefore we have_

-C = (m/e)rg‘ éO = rgyvsina = vA_(lp)rO sin a,

where "a is the angle'between the direction of emission and a radius
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_ thr_ough.t'he point of emission.’ Aisvo:_fror':'rf .c"_vlo'se"v't»c)'tp,___._"Cﬁ/IrZ can be

.neglecf‘ed to give

S o  (e/m)[A'/r + C/x%]* (e/m)(D/p).
and - N o T _
voo(e/m)? (A +C/r)% = v+ (e/m) (A C/r) fv-(e/m)(A'+ C /1))
= (¢/m)(D+D")D-D'[1-(1-x)° 421 -C/r}
= (é/m)Z.ZD2 }(x=l)Z/KZ—AD/b—(rO/r) sina}.
"Then we have v , . .
| | SRy
@_—. [_sz[(x-l)z —(A‘DI/D).:{‘Z.—(rO/p),‘(»Z si.n'a} 2 d?(,
1-d/p<r/p< 1+d/p
or
T S S L
8= [(K/r\i—z)[y_- (Z.\D’/D)K’ —_(ro/p)x sina] 2 dy,
-5$'y55 ‘ " o
where _ _ “
o= 'd/“p, y=x-1= (r/p)f-l' .
There are two cases to consider:
(a.) aD/D +_(r0/p)sin'a,>0.
| Here we have . )
_ y 2 [AD/".D*' (]v'-'o/p)Sin'Q-]E E.Yo
” ' " .and the particles re‘ach-l=y0 before turning back. Thus we have
- | Yo ‘2 1 Lo | 1
S - 0 = ZK./\I,—Z[ Ay -y )72 dy= «NZ c6sh” (5/k)[‘AD/D+(r0/p)sina]_2.-»
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(b ) AD/D +- (ro/p)snla < 0.

The particles have suff1c1ent momentum to pass through the

outer concentrlc circle. Thus, we write

e ?n:/mff}/[ {y -iro )—Edy = 2 sinhﬂl(é/K)] :AD'/D+(rO/p_): sino.l T2

let - S :
= («6)°AD/D and €= (K/G)ZrO/P .

then we have

Nlb-dv

-1 . - o _
¢ = 9 = cosh " [ptesina] 2, p+esina>0 (13)
taryld
' 1 o
¢ =0 /N2 = sinh-1 Ilpu+esinal 2, u+é sina<O0. (14)

 These then are appreximate expressions for the detection

probability as a function of a and the various geometric parameters.

" B. Spectrometer Resolution

For the résolution in this experiment we must average: Eqgs. (13)
- and (14) over all values of a and of Ty up to the .radius of the preton
beam. First consider a cylindrical source of radius ro- For the
appr_oXimati_ons', Eqgs. {(13) and'(14), the range -w/2 to +%/2 for a
gives the same result as the other half of the 'rahge, Therefore we
may express the intensity.as ‘
' +1r/2 R
I=1/x j ©/27) da.
—1T/2 : L
For better resolution. we use a sllt system with the detector. )

Let ©' be the central angle subtended by this slit centered on the circle
p. . Then we have o  4m/2 _ ' -

I' & 1/21r2 . (©®-0') da
| -m/2
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This may be evaluated by numerical integration to obtain,thé resolution
function for a cylindrical source. Mr. Michael Lourie has written a
program. for the IBM-650 computer to do this integration. -

. The calculated shapes for cylindrical sources of various radii
have been verified experimlentally by studies with a monoenergetic
alpha source in a 40-in. spiral-orbit spectrometéru

One may calculate the resolution for a conical target by adding

resolution curves for a series of cylinders of radii between zero and

the beam radius, each weighted by its radius which.is proportional to
the surface area.. For the present geometry, we find « = 0.98, p=7.7l1in.,
d = 0125 in., the proton beam radius = 0.0625 in., and @' ~ 0.47 radians.
Examples of the curves for three radii are shown in Fig. 20. The res-
olution function for the conical target is presented in Fig. 9, and should
be accurate to -wi.thir; less than 5%. The zero position corresponds to
particles originating at the axis'with the proper momentum to follow

a focal orbit. . The right side of the curve represents the probability

of detectihg particles of higher momenta. . The scale is in percent of

the focal momentum or, equivalently, of the magnetic-field setting.

-Also in this energy range it is in percent of the energy setfing.

- The fact that two slit systems have been used in the focal circle
does not alter the shape of the resolution curve within the accuracy of
its calculation. Examination of the trajectories, Fig. 3, reveals that
the added detector will interfere with the very long paths, but these
have a small detection probability because of the magnetic dispersion.
The curve in Fig. 21 is the detection probab1k1ty as a function of angle
for a collimated source of N 12 positrons at an energy near the maximum
counting rate. The most probable orbits cover a central angle of 160
d'eg before reaching the first slit. A path blocked by the added detector
would have to turn through about 400 deg to reach. the slit, and very

few partlcles have the right initial conditions for such orbits.
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Fig. 20. Spectrometer resolution for cyl1ndr1ca1 shells We1ghted
by their radii. The "0' corresponds-to the energy or
momentum of a particle in the focal orbit. The probability .
of focusing higher -energy particles is represented by the
right-side of the curves., ’
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» Fig. 21. Detection probability for Channel A as a function of
o ' emission angle. The target and collimator geometry are
' shown. .The 0° angle is defined by the first detector slit
' _ and the collimator direction, and the angles increase
s ' clockwise (Fig. 3). '
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