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P-y angular correlation in F: The second class current problem
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The P-y angular correlation'in the decay of F has been measured using a symmetric four detector system

and an activated LiF target. ' F was produced by the ' F(d,p) F reaction using a low-energy deuteron beam

(Ed ——2 MeV). Correlation data were acquired for 8@„——90' and 8&~
——' 1'80' and these data were

anlayzed for systematic differences as a function of electron energy (Z&). We report a corrected first order
slope to the ratio of p spectra N(180')/N(90') of (+0.5 +0.7)10 ' (MeV) ', with an intercept for this
ratio of 1.001 +0.002. Incorporating this value for the slope with other data on the A = 20 system, we find

an upper limit for the second class current contribution to the correlation which is less than 1/3 of the
contribution of weak magnetism and consistent with zero.

RA.DIOACTIVITY F; measured P -y angular correlation. Determined induced |
weak currents.

I. INTRODUCTION

A number of experiments have been performed
recently to test for nuclear induced weak currents.
At issue are the "strong form" of the conserved
vector current hypothesis (CVC),' which relates
the vector p decay interaction to the electromag-
netic interaction, and the possible presence of a
second class current (SCC).' These induced in-
teractions are quite small being recoil order cor-
rections, and typically are reduced in strength,
compared to allowed p decay, by Es/m„c', -where

E8 is the P energy and m„ the nucleon mass. 'In

order to study these recoil order interactions, it
is necessary to isolate them from the dominant
allowed transitions. Theoretical calculations of
the P decay spectrum indicate that correlation
measurements are best suited to study such in-
duced interactions. '

Both CVC and the presence or absence of a SCC
interaction play an important role in determining
the symmetry properties of the charged weak ha-
dronic interaction. With the advent of unified gauge
theories of the weak and electromagnetic interac-
tions, a complete accounting of the weak interac-
tion symmetry properties becomes crucial. CVC
follows naturally from the gauge theories. ' How-
ever, an SCC interaction is difficult, if not impos-
sible, to accomodate in all of the theories pro-
posed. '

In addition to testing gauge theories, confirma-
tion of CVC provides a powerful tool for the analy-
sis of p spectra. Via CVC, all of the weak vector
currents can be predicted from the analog electro-
magnetic processes which can typically be mea-
sured to high precision. P decay experiments can

then focus on determining the character of the
axial vector interaction which has no electromag-
netic analog.

To date the best test of CVC is the comparison
of the weak magnetism interaction, determined
from the P spectrum shapes in A = 12, to the ana-
log M1 y decay. ' Changes in the nuclear masses,
y decay width, and branching ratios have prompted
a reevaluation of the results, ' although the most
recent analysis still finds good agreement with
CVC. ' A number of experiments sensitive to in-
duced interactions have been performed in A = 8
with the results consistent with CVC and no SCC.'
In both A=12 (Ref. 10) and A = 19 (Ref. 11), P
asymmetry measurements from polarized parents
have suggested a large SCC interaction. However,
a recent experiment in A = 12 with aligned initial
states is consistent with no SCC." We note that
this new experiment is a more sensitive test of
an SCC since there are no allowed contributions to
the asymmetry measured from an alignment.
Hence a nonzero result should only arise from in-
duced currents. In the polarization experiment,
however, there is an allowed contribution which
produces an asymmetry independent of induced
currents. Thus with the new result in A =12, the
only remaining evidence for an SCC is in 4=19."

In order to provide additional experimental in-
formation on induced currents, we report below a
new measurement of the "F P-y angular correla-
tion. The relevant decay scheme is shown in Fig.
1. The "Fdecay is Bn allowed 2'-2' transition
to the first excited state of "Ne (E„=1.63 MeV),
which subsequently undergoes an E2 y decay. For
reference, the "Na decays are also given in Fig.
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FIG. 1. Decay scheme for the A= 20 system. Numbers in parentheses are log {ft) values. Excitation energies,
brag@bing ratios, and log {ft) values are from Ref. 26. The y widths quoted are from Ref. 18 for (a) and Ref. 19 for (b).

1. We note that there is a high probability for
"Natodecaytothelowest2' levelin "Ne. Alsothe
additional "Na decays populate final states that
subsequently u decay. The results of a measure-
ment of the "Na P-y correlation, which has been

reported recently, is given in Table I. In addition
the table contains the most recent results for the'F and "Na ft values, the analog M1 y decay width
and E2/M1 mixing ratio, and results of previous
P-y correlation measurements for F. The com-

TABLE I. P and y-decay measurements in A=20.

P-y angular correlations B (10 3 Me V ~) C (10 4 MeV 2)

20F ~

20F b

20F &

2pwa d

Analog y ray

z
E2/Ml mixing ratio ii

P strength to 2+

(E =1.63 MeV) state in Ne

2PF h

'PNa'

+2.0~ 0.6
+0.9 + 0.7
+0.2*0.2
-4.0~0.7

4.08+0.33, 4.08+0.44 eV
0.00039

logft

4.972 + 0.001
4.986 + 0.010

~ ~

+1.3 ~0.9

Reference 14.
Reference 15.
Reference 16.
Reference 17.
Reference 18.
Reference 19.

~ Reference 20.
Reference 21.

' Reference 22.

Measured at E8 =5 MeV.
Least squares fit (LSF) to A+BEg.
I SF to 1.0+BEB.
LSF to 1.0+BE8+CE6'.
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piete set of electromagnetic measurements will
be utilized below to predict, via CVC, the vector
interaction contributions to the P-y correlation.
Assuming CVC, a comparison of the "F and "Na
correlations will determino the strength of the
SCC interaction in A. = 20.

II. THE ANGULAR CORRELATION

There have been several extensive theoretical
calculations of the correlation effects of allowed

P decay. We choose to adopt the elementary par-
ticle approach, recently reviewed by Holstein. '
The assumed interaction is the usual (V-A) cur-
rent-current interaction. The decay amplitude
T for the decay n P+ e + )d is

T= "-.o.e. pi[V, (0) ~, (0)11
2

where n (P) is the initial (final state), Gv the vec-
tor coupling constant, 8~ the Cabibbo angle, E" the
lepton current, and V„(A„)the vector (axial vec-
tor) nucleon current. The decay amplitude has
been calculated by Holstein to second order in re-
coil. The dominant Coulomb effects are included
via a Fermi function. Additional electromagnetic
corrections are typically small and wiQ be ignored.

The spectrum for the dan=20 P-ycorrelation, in-
tegrated over neutrino variables is

dW = F,(Z, E)G„'eos'Oc(EO —E) pEdEdQ, dA&

C =gg 7iOi Q
S

(5b)

d( =Ag„p Q 7';a, xL,. . (5c)

Q c,Y, *Y,(c,t c), .

where the upper (lower) sign refers to electron
(positron) decay. The form factors defined in
E(ls. (3) and (4) are commonly known as Gamow-
Teller (c), weak magnetism (b), induced tensor (d),
pseudoscalar (b), second forbidden vector (fand

g), and second forbidden axial vector (j, and j,).
The induced tensor form factor d can have both
first and second class components according to
d =d, + d,„The other axial vector form factors
c, h, j„and j, could also contain both first and
secon'd class contributions, but in all cases the
first class part is expected to dominate these
form factors. CVC restricts b, f, and g to be only
first class.

The form factors defined above are related to
nuclear matrix elements by the impulse approxi-
mation. To lowest order, they are

P'

b=& g„P grL, n +g„P g ra, n

(5a)

x qE+ 2E
t'K p&' l P'

(2)
d= —cM'd —

)I d g cc; Y,(P)c),,. ,.
4~ t'~'

i

where E, is the Fermi function, E (E,) the elec-
tron energy (end point energy), K a unit vector in
the direction of the y, and p the electron momen-
tum. A term proportional to K.p((E, which arises
from the transformation from the laboratory to
the c.m. frame of the daughter, is quite smaQ for
P-y correlations and hence is neglected. The spec-
tral functions f,(E) and f,(E) to second order in re-
coil for the A =20 decays are

2E 2 2EI (E) = e' ——~ [c'+ c(b+ d) ] +——(5c'+ 2cb)1

1 =' 2c'~ c(2b+ d) — ' cb, (3)
E

1

f,(E)= Ic *c(d—d)

l t'3 )(')" (E, E)-
~14 & 2)

3cj,(E,—2E)
2M

) 1/2

K

(5e)

X rx, o., Y f, (5f)

where 6 is the parent-daughter mass difference,
M the parent mass, A the nuclear number, g~= 1,
g~=1.23, and g =4.V and is the difference between
the neutron and proton nuclear moments. The
second class form factor d»does not have a sim-
ple impulse-approximation prediction since the
axis, l current is not divergenceless. " Calaprice
et al. ' have calculated the form factors in E(l. (5)
for A = 20 using (sd)' configuration shell model
wave functions.

The form factor ic I can be found from the ft
value of Table I by

6165
C t

3cj, (E&1
EM)

(4)

Using the quoted "Fvalue, we find c =0.256
+ 0.006. CVC relates the form factor b to the M1
y transition according to'
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(7)
7

where c.=1/137, E& is the y energy, I'~ the iso-
vector M1 midth, and M the nuclear mass. Again
using the values in Table I, we find 5 = 42.7+ 1.2,
and thus 5/Ac = 8.34+ 0.30. CVC also relates the
form factors f and g to the E2 y width. The E2/M1
mixing ratio combined with F» gives I"~,= 1.6
x10 ' eV. The form factor g is then'

30 I' M'&'i'0 I' M
2

p("F) p('»)

l-d, + ' — ' a'(E)E 3 'E 3
2m.xc r g14 m„A 2q14 m ~

js (14)
v'35 m„A

where h'(E, ) = E,("F)+E,("Na). Thus the first
class induced tensor d, can be investigated by
combining the results as in Eq. (14). Extracting
d, will require a careful reckoning ofj, and j3,
however.

III. EXPERIMENTAL PROCEDURE

The impulse approximation results suggest that
g is negative, and thus we set g= -3085. The form
factor f is related to g by

3)xj2 ~f=—
2) 2M (9)

The estimates forf and g agree reasonably well
with the wave function calculations and suggest
that these form factors provide negligible contri-
butions to the correlation.

From Eg. (2) we expect the experimental angu-
lar correlation to be of the form

W, (e 8&) = 1+p, cos'0
&&,

where

f,(E)
fi(E) —sf2(E)

'

(10)

As we noted above, the f and g form factors are
expected to be small and shall be ignored. In ad-
dition, the energy dependent-terms in the denom-
inator of Eg. (11) contribute only a few percent to

p, and thus they too shall be ig.nored. The coef-
ficient p is then

3

3 j E
m„A.

(12)

(13)

where n, (E,) = Eo("Na) —Eo("F)= 5.8 Me V. The
nonzero result for b, (E,) indicates that j, cannot
be neglected in extracting a result for d» Also
we note that

The 6-parity transformation property can be
utilized to help separate the b and d» form factors
from d„j„andj,. Combining the "F and ' Na
correlations yields

p("F) -p ("Na.)

The experiment was performed at the Rice Uni-
versity Tandem Van de Graaff Accelerator. "F
was produced at the center of the detection cham-
ber by the "F(d,p)"F reaction with E~ = 2 MeV.
The deuteron beam impinged on a target of 200
pg/cm' 'LiF enriched to 96% 'Li on a 900 pg/cm'
Ni backing. Li material was avoided in order to
minimize the p background from the decay of Li
which would be produced by the 'Li(d, p)'I.i reac-
tion. The target was positioned in the center of
the chamber by a thin aluminum rod so that the
LiF material faced the beam. The beam was col-
limated before entering the detection chamber
producing an 8 mrn' beam spot on target.

The detection geometry is shown in Fig. 2. Four
detectors, two P and two y detectors, were posi-
tioned in a plane perpendicular to the beam axis
and at right angles to one another. Each P de-
tector consisted of a cylindrical (7.62 cm x 7.62

cm) plastic scintillator mounted in the chamber
vacuum and optically coupled to a phototube via
an ultraviolet transparent, acrylic light pipe. A

lead collimator was placed over each scintillator
so that electrons could enter the scintillator only
through a 3.81 cm diameter circular aperture.
The two 7.62 cm x 7.62 cm NaI(T1) y detectors were
positioned outside the chamber so that y ra, ys
coming from the source travelled through the alum-
inum wall of the chamber before entering the y
detectors. The P and y detectors encompassed
0.162 sr and 0.391 sr of solid angle, respectively.

The electronics are illustrated by Fig. 3. A

programmable timer was used to control a me-
chanical beam chopper and to gate the electronics.
Signals corresponding to the y ray energy were
routed through a gain stabilizer to prevent signal
drifts over long counting periods. Pulses corre-
sponding to the arrival of a signal from one of the

y detectors mere delayed with respect to the other.
The two signals were then summed and used as
the stop for a time to amplitude converter (TAC).
The p detectors provided the start signal for the
TAC's and the delay in the y signals provided tmo
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FIG. 2. Detector geometry: The beam direction is into
the page.

separate timing peaks to distinguish between the
two possible coincidences.

Data acquisition was divided into twelve second
cycles. For six seconds the timer provided a dc
gate which interrupted signals going to the ABC's
while the deuteron beam was allowed to strike the
target. For six seconds thereafter, the beam was
interrupted well upstream from the detection
chamber by the mechanical chopper, during which
time data were acquired from the activated tar-
get. The beam current on target was kept low
(-20 nA), and the twelve second cycles were cho-
sen so that there could be a fairly constant rate
of data acquisition in order to minimize signal
pile-up. 2x10' coincidences per hour was a typi-
cal rate. Total running time was approximately
eight days. The data were event-mode recorded
on magnetic tape. Each acquired event consisted

of P energy, y energy, and fast-timing (TAC) sig-
nals from the four possible p-y coincidences. In
addition, each acquired event was labeled with a
tag corresponding to one of the P detectors. To
allow for differences in counting efficiencies, the
positions of the two y detectors were interchanged
periodically so that each P-y pair would be used to
acquire data for both 8&z =90' and 180'. In addi-
tion, halfway between each interchange of y de-
tectors, the stop signals-to the TAC's were inter-
changed. Typical P and y spectra thus acquired
are shown in Fig. 4.

IV. DATA ANALYSIS AND EKPERIMENTAL RESULTS

All data analysis was performed offIine-. Spec-
tra were built up from the event mode tape in
various ways in order to investigate background
contributions. In the singles spectra for y rays
a peak due to the 1.779 MeV y ray from the decay.
of an excited state of Si was present on the hjgh
energy side of the 1.63 MeV y peak as shown by
Fig. 4. The relative yield of these "Si y's was ap-
proximately 1%. In y spectra of the coinoidence
data, no peak due to the "Si y decay could be dis-
cerned. Background in the TAC spectra was low
(-10 ' below the TAC peaks) so that accidental
P-y coincidences were judged to be negligible, and
no background subtraction was performed on the
TAC spectra.

P coincidence spectra were built up from the
event mode tape by setting windows corresponding
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FIG. 3. The electronics setup: Boxes refer to amplifiers (AMP), timing filter amplifiers (TFA), constant fraction dis-
criminators (CFTD), logic ampbfiers (COINC and DUAL OR/NOR), time-to-amplitude converters (TAC), gate and de-
lay amp1ifiers (GDG), timing single channel amplifiers (TSCA), and digital gain stabilizers (GAIN STAB).
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Kurie plots so that the spectra of different runs
could then be combined. A typical Kurie plot is
shown in Fig. 5.

The data were analyzed by performiag least
squares fits to the quantity N(180')/N(90$ as a
function of Es where N(8) represents the P spec-
trum corresponding to P-y coincidences at the
angle 8. Also as a check, least squares fit to the
quantity

fN, (180')N, (180')/N, (90/ N~(90) P~'

were performed where the subscripts refer to the
two tags identifying the two P detectors to the
computer. The N(8) were calculated for various
energy steps, and it was found that a least squares
fit to the data was sensitive to the calibration of
these steps when they were chosen too large. As
a consequence, the steps were kept small (25 keV)
in the final fitting of the data, although a sample
straight line fit utilizing larger steps is illustra-
ted in Fig. 6. The range of E over which fits were
made was chosen to be 1400-5000 keg.

Parametrizing N(180'j/N(90') by A+ BEs, the
least squares fit gives A. = 1.001+ 0.002 and B
= (+ 0.40+ 0.6) x10 ' MeV ' with a If' per degree
of freedom (gs') equal to 0.90. A least squares fit
to the second order form A+BEB.+ CS~' gives A.

=1.002+0.005, B=(-0.6+ 3.9) xl0 ' MeV ', and
C=(+0.1+0.6) xl0 ' MeV ' with X„'=091. Para-
metrizing N(180')/N(90') by 1.0+BEs, i.e., re-
quiri~ the ratio to be unity for E= 0, the. least
squares fit yields B= (+0.8~ 0.2) x10-' MeV ' with
X~'=0.88. The second order fit to 1.0+ BE&+CE&
gives B=(+1.110.7)xl0 'MeV ' and C=(-0.1
+ 0.2)x10 ' MeV ' with ys'=0. 90. Parametrizing

I I I I

500 600 700 .800 900 IOOO I IOO

CHANNEL NO.

FIG. 4. Event spectra for (a) P 's and (b) y's in coinci-
dence. (c) A typical p singles spectrum (the 288i peak
is noticeable at channel No. 700). On both y spectra the
Compton edge is just above a lower level discriminator
cutoff.
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to the proper tags, acceptable TAC signals, and
acceptable y energies. An effort was made to
generate asymmetric effects between p coincidence
spectra by varying the y energy windows and TAC
windows. It was found that since the TAC signals
did indeed exhibit a slight pulse height dependence,
it was possible to generate appreciable false asym-
metries with narrow TAC windows. After individ-
ual coincidence spectra had been built up satis-
factorily, they' were next energy calibrated by

12

l.4 l.7
s I s i I s i I i i I sr I i i I a i I Is I I.E I I i i I i i hi
2.0 2.3 2,.6 29 . 3.2 3.5 3.8 4.t 44 4.7 5.0 5.3

w (Mev)

FIG. 5. Typical Kurie plot for a block of data. The
solid line connects the data points and the dashed line
is the detector calibration curve. No correction for
finite detector resolution is included. The uncePtsinQ
in K is shown by the error bar at 1.7 MeV. Above 2.4
MeV the uncertainty is of the order of the line width.



2710 R. E. TRIBBI E AND D. P. MAY 18

~O0

CL0 0.5
CC
I—
O
(/)

ll
il il

iI
,It I I

I 2 3 4 5
KlNETIC ENERGY (MeV)

FIG. 6. Linear least squares fit to the correlation
.data. Note that the vertical scale is quite expanded.
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V, DISCUSSION

Preliminary results from two other measure-
ments of the 'F P-y correlation have been repor-

by A+ BE&gives A = 1.001+ 0.002 and B= (+0.5
+0.6) x10 'MeV ' with a y~'=0. 99. Due to the
possibility of unequal detector efficiencies, the
zero energy intercept should be kept as a free
parameter. However, the data clearly do not al-
low the determination of a second order term with
any precision. Therefore with the assumption that
the anisotropy is linear to a reasonable approxi-
mation over this energy range, the value for B
obtained in the two parameter fit to N(180')/N(90')
is used in what follows. The effect of a small
quadratic term is explored in detail below.

As an additional check on the data, p coincidence
spectra were formed using those events which
contained a y energy signal in the Compton scat-
tering region. These data yeilded a reasonable
linear fit with a value for B consistent with the
value quoted above which used events containing

y energies within the photopeak.
Finally the value for B obtained in the two pa-

rameter fit to N(180$/N(90') was corrected for
finite angular acceptance and p energy resolution.
Incorporating these corrections, the value for B
becomes (+0.5+ 0.7) x10 ' MeV '. Systematic ef-
fects such as P bremsstrahlung and electron source
scattering were estimated and found not to be im-
portant contributions to the observed slope. The
experimental arrangement is such that electron
scattering will not produce an anisotropy. The P
bremsstrahlung probabibty, combined with the
effective y solid angle, indicate that bremsstra-
lung-induced P-y coincidences are suppressed by
more than 10' relative to true coincidences.

ted recently. McKeoun et al."obtained a slope
of (0.9+ 0.7) x10 ' MeV ', and Rolin et a/. "found
(0.2+ 0.2) x10 ' MeV '. The analysis by Rolin
et al. assumed that the intercept for the correla-
tion was 1.0 thereby obtaining a smaQ statistical
uncertainty for the slope. These new results are
in good agreement with our measurement and in-
dicate a much reduced slope from that quoted for
Ref. 14. In the following we shaQ use only the
present result since, as we shall find, the uncer-
tainty in extracting the induced currents is not
dominated by the uncertainty in the "F slope de-
termination.

In order to estimate the SCC strength in A = 20,
we shall temporarily neglect the effect of the axial
vector second forbidden currents. Thus setting
a(E,) =0, Eq. (13) becomes

Combining the "F and "Na results, we find

")=8.4~1.9 .
Ac &

Then utilizing the CVC prediction for b/Ac we find
the result g,/Ac=-0. 1+ 2.0. We can estimate the
size of the 6(E,)j, terms from the wave function
predictions for Ref. 24 thus obtaining"

6(EO) = -0.8 .~ 3

2gy4 ~„A'c

According to Eg. (13), the strength of the SCC in-
teraction should be modified to d„/A. c =-0.9+ 2.0
where only the experimental uncertainties have
been included.

The second forbidden interaction included above
is not the only one to be reckoned. Another un-
certainty is the effect of the quadratic energy de-
pendence of the angular correlation. Because of
the low end point energy for the "Fdecay, it is
difficult to ascertain the quadratic terms directly
from experiment. Characterizing the p coefficient
to second order as p =BE+CE, the slope found
from a linear fit is =(B+2CE,) where E, is the end-

point energy. This is actually an overestimate of
the effect of the quadratic terms since in the cor-
relation, the high energy data points have larger
uncertainties and thus a smaller weight in the
linear least squares fit. C can be obtained either
from the 'Na correlation or from the wave func-
tion (w.f.) predictions. If we assume that j, and j,
have only first class contributions, then the cor-
rected "F slope is
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B( Na) =0.1+ 0.9,
B(w.f.) =0.4+ O. V.

Thus including both the corrected slope and the
contribution from Eq. (1V) we obtain d„/Ac = -0.5
+ 2.0 where again no uncertainty has been included
for the second forbidden (s.f.) corrections. If we
assume a 100/o uncertainty for these corrections
we find d,,/A. c =-0.5 + 2.&.

The effect of the second forbidden contributions
is more serious for the extraction of d, . From
Eq. (14) we note that the j, terms for "F and "Na
add, and hence the correction to the extracted
d, /Ac is about a factor of three larger than was
obtained in Eq. (1V). Thus the first class induced
tensor is

(no s.f.) =6.6+ 2.0,'

A.c

(s.f.) = 5.0+ 2.5,Ac

where the result quoted for no second forbidden
correction was obtained by ignoring j, and j, while
the result with second forbidden correction con-
tains both the 6'(E,)j, and corrected slope con-
tributions.

Including the second forbidden terms as above
assumes that j, and j, are only first class and
therefore are identical in both the electron and
positron correlations. It is possiMe of course that

j, and j, have both first and second class com-
ponents. In that event the quadratic terms would
be different in the two decays and the analysis
above would not be valid. %e note that observing
such a difference would be extremely interesting.

with CVC and no SCC. , However, allowing for pos-
sible interference of axial vector second forbid-
den interactions, only an upper limit of —,

' of weak
magnetism can be placed on the strength of a SCC
interaction. The strength of the first class in-
duced tensor interaction also cannot be extracted
unambigously due to the second forbidden contri-
butions. The preliminary result for the first class
induced tensor is somewhat larger than the wave
function predictions which were calculated with
single particle operators obtained via an impulse
approximation reduction of the weak currents. A
similar discrepancy has been observed in A = 8
(Ref. 9) and may be a signal of meson-exchange
currents contributing to this interaction.

In order to reduce the uncertainty in both the
ftLrst and second class induced tensor interactions, ,

it will be necessary to ascertain the role of the
second forbidden contributions. The size of the
quadratic dependence observed in the "Na corre-
lation is consistent with the wave function calcu-
lations but the uncertainty is rather large. The
high end point energy in "Na accentuates the ef-
fect of the second forbidden interactions, thus
making it the best candidate to obtain their
strength. A more precise measurement than that
obtained by the authors of Ref. 18 would provide
a somewhat better measure of both the first and
second class induced currents since the second
forbidden contributions could be reckoned. How-

ever, to study the possibibty of second class con-
tributions to the second forbidden interactions
(especially j,), the quadratic dependence in both
correlations must be measured.
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