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calculations, however, occurs in the prediction of the
energy levels of the different states. The Serber force
calculation gives energy spectra of the 1=, T'=1 states
in essential agreement with experiment using a strength
parameter equal to that for the free nucleon-nucleon
interaction. On the other hand for the zero-range force
we must use an interaction strength two to three times
smaller than the free-particle strength in order to obtain
reasonable agreement with the experimental spectrum
of oxygen 16. As shown in Ref. 14, this weakening of
the interaction is obtained mainly by using the Serber
exchange-force mixture, which has no contribution in
relative odd angular-momentum states.
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The electromagnetic decays of the N states between 5 and 6.5 MeV were studied using the C12(He3,p) N1
reaction. From investigations of the gamma-ray spectra on and off the 3.0-MeV resonance for production
of the N 6.44-MeV level, this state was found to decay to the ground, 3.95-, and 5.10-MeV levels of N4
with branching ratios of (65+3%), (2142)%, (14=3)%, respectively. From a study of the internal pairs
corresponding to the 6.21 — 2.31 transition, this transition was shown to be predominantly M1 so that the
N* 6.21-MeV level has even parity. Similarly, it was confirmed that the N 6.44 — 0 transition is pre-
dominantly E2. The angular distributions of the gamma rays from C2+4He3 at Eges=2.75 MeV were
measured. It was shown that the mixing parameter x (amplitude ratio of quadrupole to dipole radiation)
for the 5.69 — 0 transition is = -+0.0340.03 and for the 5.10 — 0 transition x= —0.124-0.03. The branch-
ing ratios of the N* 5.10-, 5.69-, and 6.21-MeV levels to the N ground state and 2.31-MeV first excited
state were measured. The results are in satisfactory agreement with previous determinations.

I. INTRODUCTION

LECTROMAGNETIC transitions in N have
recently been investigated at this laboratory using
the CB(d,n)N" reaction.? It was found that at the
deuteron energies used (1.9-3.1 MeV) the N* 6.21-MeV
level was excited quite weakly, so that the gamma rays
from the decay of this state were not observed. The
ground-state transition from the N 6.44-MeV level
was observed, but the state was excited so weakly as to
make it difficult to study transitions from this level via
the CB(d,n)N" reaction.
Recent work at Rice® has shown that the 6.21- and
6.44-MeV levels of N are produced in the C12(He?,p)N*
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reaction, at a bombarding energy of 3 MeV, with cross
sections comparable to those of the lower excited states
of N, There is, in fact, a strong resonance with a
laboratory width I'= (125410) keV for the production
of the 6.44-MeV level (but not the 6.21-MeV level) at
End=2.99 MeV?3, and the presence of this resonance
greatly facilitates a study of the electromagnetic transi-
tions from the 6.44-MeV level. Furthermore, the only
gamma rays with energies greater than 2.5 MeV which
are expected from C?4-He® at 3-MeV bombarding
energy are those from the C2(He?p)N“ reaction
(Q=4.77 MeV). This lack of competing reactions is in
contrast to a study of N* transitions via C*3+-d where
interfering radiations arise from the C*(d,p) C" reaction.

One purpose of this investigation, then, was to study
the electromagnetic transitions from the decay of the
N Jevels at 6.21 and 6.44 MeV. For the former level
the decay modes are known and our aim was to deter-
mine the parity of this level which was not definitely
established when this work was started.! For the

4F. Ajzenberg-Selove and T. Lauritsen, Nucl. Phys. 11, 1
(1959).
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6.44-MeV level, the work of Kuan et al.3 has led to the
assignment J*= 3+ and the purpose of this investigation
was to establish a decay scheme for this level—the only
established decay mode at present being to the N
ground state.*

The N* 5.10-, 5.69-, and 6.21-MeV levels all decay to
both the 1+ N* ground state and to the 0t N* first
excited state at 2.31 MeV. As will be shown in Sec. IV
this means that the mixing parameter x (the amplitude
ratio of quadrupole to dipole radiation) in the ground-
state transitions can, in principle, be determined from
measurements of the angular distributions of both decay
modes. The accuracy with which this determination can
be made is directly dependent on the degree of align-
ment of the levels. Previous work® on the C'2(He?,p) N
reaction indicates that in this reaction the excited states
of N are quite strongly aligned, i.e., the angular
distributions of the gamma rays are strongly aniso-
tropic. Thus, it would seem that the C@2(He?p)N"
reaction is a good one to use to test this method for
determining the mixing parameter z.

II. DECAY SCHEME OF THE N 6.44-MeV LEVEL
A. Three-Crystal Pair Spectra

The N 6.44-MeV level decays predominantly to the
ground state with a suspected branch to the 3.95-MeV
level.® In order to search for the 6.44 — 3.95 gamma ray
of 2.49 MeV and other possible modes of decay, three-
crystal pair spectra were recorded for a He® beam
incident on a C* target which was ~250 keV thick for
3.0-MeV He?® ions. The spectra were taken for beam
energies of 2.75, 2.9, 3.0, 3.1, and 3.5 MeV with the
center crystal of the three-crystal pair spectrometer at
35° to the He® beam. The center Nal crystal was 1.5 in.
in diam and 3 in. long, while the two side crystals were
both 3 in. in diam and 3 in. long. The front face of the
center crystal was 5.2 in. from the target. A collimator
consisting of a 0.65-in. diam hole in a 3.6-in.-thick lead
brick was placed 1.5 in. from the center crystal. A
Cosmic Radiation Laboratory Model 801 multiple-
coincidence unit provided the triple coincidence condi-
tions. The output from the center crystal was displayed
with a RIDL 400-channel analyzer. The spectra ob-
tained at beam energies of 2.9 and 3.1 MeV are illu-
strated in Fig. 1. All the peaks shown except that from
the C?(He®a)C"(2.00— 0) reaction are assigned to
transitions in N, The peaks are labeled [in Fig. 1(a)]
by the energies of the initial and final states of the
transitions to which they belong.

The solid curves of Fig. 1 are the results of a least-
squares computer fit to the measured spectra. The
program was obtained through the courtesy of H. T.
Motz of Los Alamos, who has adapted a Gaussian peak

5 D. A. Bromley, E. Almqvist, H. E. Gove, A. E. Litherland,
E. B. Paul, and A. J. Ferguson, Phys. Rev. 105, 957 (1957).
8 H. J. Rose, Nucl. Phys. 19, 113 (1960).
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Fi6. 1. Three-crystal pair spectra of the gamma rays from a
~250-keV thick C2 target bombarded by (a) 2.9-MeV He? ions
and (b) 3.1-MeV He? jons. The center crystal of the spectrometer
was placed at 35° to the He3 beam. The solid curve is a computer
fit (see text) to the experimental data (open circles). All the peaks
are assigned to transitions in N except for the one corresponding
to the C* 2.00 — O transition. The peaks are identified in (a) by
the energies in MeV of the N initial and final states of the transi-
tions to which they are assigned.

fitting program? for use in the analysis of three-crystal
pair spectra. In the Motz program, the individual
gamma-ray lines are represented as being the sum of a
Gaussian peak and an exponential tail, the latter arising
primarily from bremsstrahlung losses in the center
crystal.

As an illustration of the procedure we have shown in
Fig. 2, the fit obtained for the 6.13-MeV line from
F(p,ay)O'®. The experimental data were obtained by
recording the gamma-ray spectrum at a resonance where
the 6.13-MeV line predominates; additional measure-
ments at two other resonances permitted the straight-
forward subtraction of contributions from the weaker
higher lying lines at 6.9 and 7.1 MeV, yielding the cor-
rected spectrum shown. The computed spectrum is
shown by the solid line; its resolution into Gaussian and
exponential components is indicated.

The functional form used in the computer fit is
given by

HRID L CAe D81 — e 2D

Y(E)

 2n)

7P. McWilliams, W. S. Hall, and H. E. Wegner, Rev. Sci.
Instr. 33, 70 (1962).
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Fi1c. 2. Three-crystal pair spectra of the 06 6.13 — 0 transition
produced by the reaction F*® (p,ay)018. The procedure for obtain-
ing the experimental spectrum (solid points) is explained in the
text. A least-squares fit of the function ¥ (E) defined in the text is
given by the solid curve; its resolution into Gaussian and ex-
ponential components is indicated. Values thus determined for the
parameters describing the Gaussian peak are listed: ¢ =96.3 keV;
E.,0=6,137 keV; and 4 =473 counts/min. The tail parameters are
C=1.12X10"% and D= —1.46X1073,

where {=E—E,o. The first term yields the Gaussian
peak at E.,q, characterized by the width ¢ and area 4.
The second term is set to zero for {>0, and describes
the exponential tail of amplitude C4 and slope D. The
constant G is chosen to round off the exponential in the
peak region, thus avoiding discontinuities in the final
line shape. Values of the parameters o, 4, E.,o, C, and D
for the 6.13-MeV line are given in the caption of
Fig. 2.

It is evident from Fig. 2 that the computed curve
fails to match the datum points in the region of the peak
maximum. An examination of this feature indicates
that the mismatch occurs because the experimental peak
is not accurately represented by a pure Gaussian. In
order to fit the peak at its extremities, the program
requires a value for ¢ somewhat larger than that re-
quired for just the central region: The resultant curve is
therefore obtained as a compromise between these
extreme values.

In terms of area, the extent of the mismatch is about
1.59%,. Similar results are obtained for various other
lines. In the following, however, we shall be concerned
primarily with the ratios of peak areas, and hence, the
above errors do not significantly affect the results of
these calculations.

Similar fits were obtained for a number of single-line
spectra in the region 2.5<E,<7.1 MeV. In this way
the characteristics of the three-crystal pair spectrometer
were investigated, and the energy dependences of the
shape parameters o, C, and D were determined. One
parameter of interest which was determined from these
spectra is the ratio of the number of counts in the
Gaussian peak (Z¢) to the total number of counts in the
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pair line (Z7). This ratio is given as a function of
gamma-ray energy in Fig. 3.

For the six higher lying lines of Fig. 1, values for C and
D were taken directly from the work described above,
and were held fixed throughout the calculation. Values
for o were adjusted slightly to conform to the resolution
actually obtained in this particular measurement.
Hence the computer was left with the problem of deter-
mining simply peak positions and areas. Although the
program is, in principle, capable of handling in a given
run as many as eight peaks, each with five parameters,
the work involved in obtaining a final solution is con-
siderably simplified though the adoption of the above
approach. This problem has been discussed further
elsewhere.”

For the lower lying lines, the bremsstrahlung tails are
quite small, and hence were neglected; the data were
analyzed by fitting simple Gaussian peaks superimposed
on a flat background. In this case the exponential tails
of the peaks are absorbed into the background which
arises mainly from the tails of the higher energy lines.

The peak areas obtained from the computer fit to the
spectra of Fig. 1 were converted to relative gamma-ray
intensities, 7, using the relationship

Z¢
Co/Z0)op

where Z¢ is the area in the Gaussian peak for a given
pair line and (Z¢/Z7) is the peak-to-total ratio obtained
from Fig. 3. o, is a factor describing the energy de-
pendence of the pair production cross section, and
incorporates corrections for the finite length of the
center crystal and for losses due to annihilation in flight.
The results are given in Table I. Transition energies are
the averages of those obtained from the least-squares
fit with the gamma rays at (5.1044-0.010) MeV and
(2.331£0.001) MeV used for calibration. The energies
of these calibration lines are the best values? for the

,YG:

08

06 -

S/%;
T
1

04 - -

02 -

0 YRR WS WS TS TN SRS SN NN SR WA 1
! 2 3 4 5 6 7
GAMMA RAY ENERGY (MeV)

Fic. 3. The empirically determined ratio Z¢/Z7 for the three-
crystal pair spectrometer. The solid curve is drawn to connect the
experimental points. Zr is the total area under a given mono-
energetic gamma-ray line and Z¢ is the area under the Gaussian
peak (see Fig. 2).
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Fic. 4. (a) Yield versus He3 beam energy for various gamma rays
from the C12(He3,p) N reaction. The curves are identified by the
energies in MeV of the gamma rays to which they correspond. (b)
Ratio of the intensities of the 2.49-MeV N 6.44 — 3.95 transition
and the 6.44-MeV N 6.44 — 0 transition versus He? beam energy.

excitation energies of the initial states of these ground-
state decays. A 0.8%, Doppler shift was added to the
energy of the 2.331-MeV peak since this transition has
the full Doppler shift expected from the kinematics,?
while a zero Doppler shift was assumed for the N
5.10 — 0 transition since the measured Doppler shift of
this transition is zero within the errors.* The energies
listed in Table I are uncorrected for Doppler shifts and
thus, depending on the lifetimes of the initial states they
should be up to 19, higher than the transition energies
calculated from the differences in energies of the initial
and final states.

Relative intensities were also obtained for the 6.44-
MeV peak and for the gamma rays with energies less

TasLE I. Relative intensities of the N4 gamma rays observed
with a three-crystal pair spectrometer at 35° to the beam from the
bombardment of a C!2 target, 250 keV thick for 3.0-MeV He? ions,
by 2.9- and 3.1-MeV He® beams.

Relative Intensity
(Arbitrary Units)

Ene3=29 Ene3=3.1
E,(MeV) Assignment MeV MeV

6.444-+0.02 6.44—0 6.5:0.4 63.7+£3
6.231+0.03 6.21 -0 6.94+0.4 16.3+6
5.865+0.06 583 —0 3.1+0.6 2.7+1.3
5.7164-0.02 5.69—0 14.630.8 17.8+1.6
(5.104+0.01) 510—0 28.8+1.5 49.0+3
4.954-+0.02 491—0 9.0£2 13.245
3.907+0.01 6.21 — 2.31 252414 38.242
3.400-£0.006 5.69 —2.31 23.8+1.4 27.62
2.805+-0.005 5.10—2.31 9.8+1 17.341
2.509+-0.003 6.44 — 3.95 2.440.8 21.0+1
(2.331-£0.001) 231—-0 204 +9 232 =10

a Average of the values obtained at 2.9 and 3.1 MeV uncorrected for

Doppler shifts. The energies in parenthesis were used for calibration.
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than 4 MeV from the pair spectra taken at five bom-
barding energies ranging from 2.75 and 3.5 MeV. The
excitation curves obtained from these results are shown
in Fig. 4(a). The effect of the strong resonance in the
C2(He?,p)N*" reaction for formation of the 6.44-MeV
level at Eger=2.99020.010 MeV?, is apparent in Fig.
4(a). The line drawn through the points for the 6.44-
MeV data is a rough sketch of the excitation curve
expected for a resonance at Ene=2.99 MeV with a
width in the laboratory system of 125 keV.? The excita-
tion curve for the 2.79-MeV gamma ray from the N
5.10 — 2.31 transition also may be influenced by this
resonance. None of the other excitation curves gives an
indication of the resonance within the uncertainties of
the measurements. The gamma ray with a measured
energy of (2.50940.003) MeV (2.49 MeV after cor-
rection of 20 keV assuming the full Doppler shift)
observed in the Epes=3.1-MeV pair spectrum [Fig.
1(b)] has the right energy to be associated with the
N 6.44 — 3.95 transition. In fact, a gamma ray of this
energy cannot be assigned to a transition between any
of the known states in N*, O% or C!" which can be
excited by a 3.1-MeV He® beam. Furthermore, the
2.49-MeV gamma ray exhibits the same resonance
behavior as the 6.44-MeV gamma ray. This is illustrated
in Fig. 4(b) where the ratio of the 2.49- and 6.44-MeV
gamma rays are plotted against beam energy. We con-
clude that the 2.49-MeV gamma ray is due to the N
6.44 — 3.95 cascade, confirming the earlier tentative
identification of this cascade.®

The N“ 6.44-MeV level has been assigned J*=3*
from an investigation of the 2.99-MeV resonance in
C24-He®. Thus, we expect that the transitions to the
N* ground state and 3.95-MeV level (both of which
have J7=1%) are both E2. Significant admixtures of
M3 radiation in either transition are considered un-
likely, especially because of the inhibition of AT=0 M
transitions in self-conjugate nuclei.® The angular dis-
tribution of the 6.44 — 0 transition at the 2.99-MeV
resonance in the C2(He?,p)N* reaction was measured
by Kuan et al.3 and was found to be in good agreement
with the distribution W (6)=140.49P>(cosf)—0.30P;
(cosf), which is expected for the resonance parameters,
lne=2, 1,=0, Jres"=35 with J7=23% for the N“ 6.44-
MeV level, and assuming that the 6.44 — O transition
is pure E2. These resonance parameters are in agree-
ment with other aspects of the investigation of the
resonance made by Kuan ef al. Thus, we expect the
same distribution for the 2.49-MeV 6.44 — 3.95 transi-
tion at resonance, and a measurement of this distribu-
tion would be a check on the assignment of the 2.49-
MeV gamma ray to the N 6.44 — 3.95 transition. For
this reason, angular distributions of the gamma rays
from C2+He® were measured at En=3.1 MeV by
recording three-crystal pair spectra at angles to the
beam of 0°, 28°, 42°, 55°, and 90°. Gamma-ray intensi-

8 E. K. Warburton, Phys. Rev. Letters 1, 68 (1958).
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F1c. 5. The points and solid curve show the singles spectrum of
gamma rays from C124-He?® at Eg,3=3.10 MeV obtained with a
3X3-in. NaI(Tl) crystal. The N peaks are identified by their
energies in MeV. One C!! transition is also shown. The shape of the
singles spectrum near 1.32 and 2.49 MeV obtained at Eg,3=2.9
MeV is indicated by the dashed curves which are normalized to the
solid curve in the energy regions just above and just below the
indicated dashed curves.

ties at each angle were obtained from the areas in the
Gaussian peak by using the same computer fitting
procedure as for the spectra of Fig. 1. The efficiency of
the three-crystal spectrometer had been found to vary
somewhat with the angle at which it was placed, to the
extent of about 5%, ; therefore, the angular distributions
were obtained by normalizing the peak areas to that of
the N* 2.31 — 0 transition, which is isotropic by virtue
of the zero spin of the N** 2.31-MeV level.? The angular
distributions of the various gamma rays were fitted by
the least-squares method to the expression W(6)
=1+4A42Ps(cosh)+ A +Ps(cosh). For the 6.44- and 2.49-

MeV gamma rays, the results are 4.=+(0.54=£0.1),

A4=—(0.2+0.1), and A4,=4(0.45£0.07), A.=
—(0.2540.07), respectively. These two distributions
are in good agreement with each other and with the
expected distribution which has, allowing for effects of
the finite detector size, 4,=-40.49 and A,=—0.29.
Thus, the angular distribution measurement confirms
the assignment of the 2.49-MeV gamma ray to the
N 6.44 — 3.95 transition.

The ratio of the yields of the 2.49- and 6.44-MeV
gamma rays was obtained from the data shown in Fig.
4(b), and from the relative intensities extracted from
the three-crystal pair spectra used to obtain the angular
distributions. An intensity ratio I 49/7¢.44= (0.3224-0.02)
was obtained from the average of the various measure-
ments.

B. Coincidence Spectra

The excitation curve given in Fig. 4(a) for the
2.79-MeV gamma ray shows a possible influence of the
2.99-MeV resonance. If so, this could very well be due
to the N* 6.44 — 5.10 — 2.31 cascade in which case a
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1.33-MeV gamma ray would be involved. Some evi-
dence for such a gamma ray was seen in singles spectra
taken with a 3)X3-in. Nal crystal 2 in. from the target
and at 90° to the beam. A singles spectrum taken at
Exe=3.1 MeV is shown by the points and solid curve
in Fig. 5. In the region of 1.33 and 2.49 MeV, the dashed
curves indicate the normalized spectrum taken at 2.9
MeV. The presence of the resonant 2.49-MeV gamma
ray is apparent in Fig. 5, and there is also evidence for a
gamma ray with an energy of about 1.33 MeV. All of
the other gamma rays identified in Fig. 5 arise from
well-known transitions.*

The suspected 1.33-MeV gamma ray was looked for
by observing the spectra in coincidence with the 5.10-
MeV gamma ray corresponding to the ground-state
decay (679) of the N* 5.10-MeV level. Two 3X3-in.
Nal crystals were placed on opposite sides of the target
with their front faces two in. from it. One of these was
used to gate the 400-channel analyzer which displayed
the spectrum from the second. Coincidence spectra
recorded at Ene:=2.9 and 3.1 MeV are shown in Fig. 6.
These spectra were taken with the gate set between 4.4
and 5.3 MeV. A gamma ray with an energy of 1.33 MeV
is apparent in the 3.1-MeV spectrum but not the 2.9-
MeV spectrum. Annihilation radiation arising mainly
from the pair production process is responsible for the
0.51-MeV peak. The 0.72-MeV gamma ray is due to the
N* 5,83 — 5.10 cascade (859,) while the small 2.31-
MeV peak arises from accidental coincidences.
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Fic. 6. Coincidence spectra obtained for the gamma rays from
C24Hed at (a) Eps,=2.9 MeV and (b) Egl=3.1 MeV. Two
3X3-in. crystals at 90° to the He? beam and 2-in. from the C?
target were used. The spectra shown are in coincidence with a gate
set between 4.4 and 5.3 MeV. The presence of the 2.31-MeV peak
is due to random coincidences.
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Within the uncertainty with which its energy was
measured (320 keV) the 1.33-MeV gamma, ray could
belong to a N 7.03 — 5.69 transition, a N 6.21 — 4.91
transition, or the N 6.44 — 5.10 transition. However,
the N 7.03-MeV gamma ray is known to decay pre-
dominantly to the N* ground state and so the non-
appearance of a 7.03-MeV gamma ray in the three-
crystal pair spectra rules out the possibility 7.03 — 5.69.
In addition, a coincidence spectrum taken at Eges=3.1
MeV with the gate set from 5.4 to 5.8 MeV showed no
sign of the 1.33-MeV gamma ray. The possibility
6.21— 4.91 is ruled out by the disagreement between the
relative yield of the 3.90-MeV gamma ray (6.21 — 2.31
transition) at Ege=2.9 and 3.1 MeV (Fig. 4), and
the relative yield of the 1.33-MeV gamma ray at these
two energies (Fig. 6). Thus, we assign the 1.33-MeV
gamma ray to the N** 6.44 — 5.10 transition.

The intensity of the 1.33-MeV gamma ray relative to
that of the 6.44-MeV gamma ray was obtained as
follows: The 0.72-MeV gamma ray is also in coincidence
with the 5.10-MeV gamma ray, and hence the intensity
of the 1.33-MeV gamma ray relative to that of the
2.31-MeV gamma ray could be calculated from the
relative intensities of the 0.72- and 1.33-MeV gamma
rays in the coincidence spectrum (Fig. 6) and the rela-
tive intensities of the 0.72- and 2.31-MeV gamma rays
in the singles spectrum (Fig. 5). Then the relative
intensities of the 1.33- and 6.44-MeV gamma rays were
obtained from the relative intensities of the 2.31- and
6.44-MeV gamma rays (Table I). The result is I;.33/5.44
=(0.214-0.04) where the uncertainty includes an
estimate of the possible effects of the angular distri-
butions and correlations of the various gamma rays
involved.

The J7=3~ 5.83-MeV level is the only remaining
known N* level to which the 6.44-MeV level can decay
by dipole or E2 radiation. Since the 5.83-MeV level
decays 859, of the time by cascade to the 5.10-MeV
level, a limit can be placed on the intensity of the
0.61-MeV gamma ray associated with the 6.44 — 5.83
transition from the coincidence spectra of Fig. 6(b) and
from similar coincidences taken with greater dispersion
and statistics.? The result can be expressed in the form
To.61/16.44<0.04.

Combining the results given in this section, we have
found that the N 6.44-MeV level decays to the N
ground state, 3.95-MeV level, and 5.10-MeV level with
branching ratios of (6543)%, (212-2)9%, and (14=43)9,
respectively, and that the branch to the N* 5.83-MeV
level is <39,

III. SPIN PARITY OF THE N 6.21-MeV LEVELS
A. Experimental Procedure

The spin-parity of the N“ 6.21-MeV level was
determined from a magnetic spectrometer investigation

9J. A. Becker and E. K. Warburton, Phys. Rev. 134, B349
(1964).
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of the multipolarity of the N* 6.21 — 2.31 transition.
The theory, design, and test of a spiral baffle system for
determining the multipolarities of electromagnetic
transitions by measurements in the intermediate-image
pair spectrometer has been described previously.? An
inconvenient mechanical feature of the earlier system
was the necessity for breaking the vacuum of the
spectrometer in order to install or remove the baffle. In
the new arrangement used in the present work a very
similar set of baffle blades is attached to a cylindrical
mount which can be moved axially inside the spec-
trometer over a distance of 17 in. At one extreme posi-
tion, the baffle blades are in the same plane as in the old
system, and at the other extreme position, the baffle is
completely clear of the trajectories of focused electrons.
Another feature of the new system is that the baffle
blades are attached to a separate ring that can be
rotated with respect to the mount by means of a rack
and pinion gear over a total angle of about 120°. Three
brass rods of § in. diam for moving the baffle axially and
a fourth rod for adjusting the baffle azimuthal angle are
brought out through “O”-ring seals in the spectrometer
end plate. These rods are attached to an external ring
having handles for convenience in sliding the baffle
axially. The control rod for varying the azimuthal angle
of the baffle has a turning handle and an indicating
counter which allows the angle to be set with an accur-
acy of about 2°.

After installing the new system, the position of the
detector was adjusted so that the counting rates in the
two crystals with the baffle in the “out” position were
the same when focusing the K-1.06-MeV conversion
electrons from a source of Bi?". In order to establish the
proper angle of the baffle with respect to the detecting
crystals the upper half of the baffle was temporarily
blocked off. Depending on the direction of the magnetic
field, the Bi%7 conversion electrons were then detected
(for the baffle “in” position) in only one of the crystals.
However, when the baffle was rotated, which had the
effect of rotating the image, counts in the opposite
crystal were observed starting at a certain “onset
angle.” This procedure was followed for both directions
of the magnetic field and it was found that the ‘“onset”
angular positions of the baffle for the two tests differed
by 11-12°. The midpoint between these two angles was
chosen as the proper and accurate orientation for ratio
measurements on pair lines. These tests further con-
firmed the previous measurement? of 225° for the spec-
trometer rotation angle B, and also showed that one
edge of each image coincides quite closely with the
junction of the corresponding crystal and the tungsten
absorber between the crystals.

Tests of the new baffle system were then made by
baffle-in, baffle-out measurements on 7 of the 14 cali-
bration pair lines which had been studied with the old
baffle system. The conditions used for producing the
calibration lines were the same as in the previous work.?
The N* 6.44 — 0 transition produced at the 2,99-MeV
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TaBLE II. Summary of the experimental ratios R, and the
corrected ratios R, obtained in the present work and the R,
obtained with the previous baffle system (Ref. 2).

R(‘), RN
Multi-  (present (present R,
Transition polarity  work) work) (Ref. 2)

Cs 3.09—0 Ei 0.1782+£0.006 0.178=£0.006 0.185:£0.008
Be® 3.37—-0 E2 0.13320.003 0.1304-0.004 0.130-£0.004
Lis 3.56—>0 M1 0.10420.003 0.1044-0.003 0.092-+0.002
Cs 385—0 M2 0.064+0.002 0.06340.003 0.056-0.005
C2 443—0 E2 0.10040.003 0.097+0.003 0.09740.005
Be596—0 E1 0.112+0.002 0.1124-0.002 0.1023-0.003
0% 6.06—0 EO0 0.264+0.003 0.264=-0.003 0.265-£0.005
N4 644 —0 E2 0.09740.005 0.0824-0.006 e

resonance in C2+He? was also used for a calibration
line. For this work the C'? target was identical to that
used for the gamma-ray work described in the previous
section. During these tests the very considerable ad-
vantages of the new system became apparent. The
baffle position can be changed in a very short time,
usually without removing the beam from the target and
with the spectrometer coil current left at a fixed value.
Greater accuracy in the measurements is possible since
the baffle position can be altered as frequently as
desired.

The results of the calibration measurements are
summarized in Table II, where the first two columns
list the transitions studied and their multipolarities, in
the third column are the measured ratios R, of yields
(Y with baitle/ Y without basile) and in the fourth column are
the ratios R, obtained by applying the correction? for
alignment of the initial state of the transition. Correc-
tions for alignment for the first 7 transitions of Table II
were the same as in the previous work? since the condi-
tions used to form the state are identical. In the case of
the N 6.44-MeV transition an alignment correction of
0.85 was calculated from the theoretically predicted
coefficients, 4,=+0.49, 4,=—0.30 appropriate to the
2.99-MeV resonance in C?>-He?. The last column of
Table II lists the corrected ratios R, obtained with the
old baffle system.?

A comparison of the last two columns of Table II
shows that for most of the calibration lines, the two
baffle systems give ratios R,, which are in agreement.
However, for the Li® 3.56— 0 and Be® 5.96—0
transitions the new values of R,, are about 109, higher
than previously measured. The reason for these differ-
ences has not yet been established although several
explanations are possible. It could be the result of the
more precise procedure for aligning the detector and
baffle system, or it may be caused by better machining
accuracy and other slight differences in the sector angles
of the new baffle, which was constructed with greater
care than the old baffle. It may also be that other
systematic errors inherent in the use of the old baffle
system were underestimated. At the present time, the
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theoretical ratios R,(J) are being renormalized to fit
these new measurements. Until that is done, it suffices
to adopt empirical correction factors to the previous
calibration curves (see Fig. 14 of Ref. 2).

B. Measurement of R, for the N¢ 6.21 — 2.31
Transition

The yield of the 3.90-MeV pair line corresponding to
the N* 6.21 — 2.31 transition (see Fig. 1) was measured
with the intermediate-image spectrometer, alternately
with and without the baffle in place. The full annulus
opening (17 mm) of the spectrometer was used in this
measurement. At this annulus opening, the resolution
(full width at half-maximum of the pair line) was 3%,.
The average of four determinations of the ratio R, was
0.1004-0.010.

The N* 2.31-MeV level has J7=0%, while the N*
6.21-MeV level has J=1.4 Thus, the 6.21 — 2.31
transition is pure £1 or M 1. From the three-crystal pair
spectrometer measurements described in the last sec-
tion, the angular distribution for this transition was
obtained and the result for the 4, coefficient in the
expression w(0)=144,Ps(cosh) is A=+ (0.303=0.05).
For this anisotropy (see Fig. 9 of Ref. 2) the alignment
corrections are (1.02540.005) and (0.884-0.02) for E1
and M1 assignments, respectively. Thus, the corrected
ratios R, are 0.1034-0.010 and 0.0884-0.009 for £1 and
M1 assignments, respectively. The 3.90-MeV pair line
also has a contribution from the N** 3.95 — 0 transition,
but it is known that the 3.95-MeV level decays pre-
dominantly to the N** 2.31-MeV level by a 1.64-MeV
gamma ray, and has a (3.72£0.6)%, branch to the N*
ground state.® From the relative intensities of the 2.31-

‘and 1.64-MeV gamma rays observed in the singles

spectrum (Fig. 5) and from the relative intensities of
the 2.31- and 3.90-MeV gamma rays observed in the
three-crystal pair spectra (Table I), we estimate that
the contribution of the N 3.95— 0 transition to the
3.90-MeV pair line is 6%,. Since the N* 3.95—0
transition is M1, E2 or a mixture of both it can be shown
that the presence of the N** 3.95— 0 transition has a
negligible effect on the experimental ratio R, for either
an El1 or an M1 assignment to the N 6.21 — 2.31
transition.

We obtain the theoretically expected ratios R, () for
a 3.90-MeV transition by normalizing the previously
determined R, (!) (which corresponds to a sector angle
w=120° and a polar angle a=45.7°)? to the R, given in
Table II for the present baffle system. At 3.9 MeV the
E1 curve is unchanged but the M1 curve is 109, higher.
The predicted ratios R,(}) are R,(E1)=0.153, and
R,(M1)=0.090. 1t is clear from a comparison between
these theoretical values of R, and the experimental
ratio 0.100+0.010, that the 6.21 — 2.31 transition is
M1 and not E1, so that the N 6.21-MeV level has
Jr=1%,

We note that the measurement of R, for the N*
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6.44 — 0 transition (see Table II) confirms the recent?
even parity assignment to the J=3* 6.44-MeV level.
Following the procedure described above, the predicted
values of R,(!) for a 6.44-MeV transition are 0.035,
0.046, and 0.070 for M2, E3, and E2 assignments,
respectively. Although the alignment correction for an
M2, E3 mixture cannot be obtained accurately without
knowing the degree of mixing, it can be shown ? that the
correction could not bring agreement between the
measured value, R,’=0.09740.005, and the theoretical
range of values R,~0.035—0.046 for an M2, E3 mix-
ture. Thus, the transition must be predominantly £2.
The disagreement between the corrected measured
ratio, R,=0.08240.005, and the predicted value,
R,(E2)=0.070, will hopefully be decreased by the re-
normalization now in progress.

IV. DETERMINATION OF MIXING PARAMETERS
FROM ANGULAR DISTRIBUTIONS

A. Theory

In the method introduced by Warburton and Rose'
and developed further by Litherland and Ferguson! the
angular distributions and correlations of the gamma
rays from an initial state J; are described in terms of the
populations of the m; substates of that level. In this
formalism it is apparent that the mixing parameter x in
one transition, J;— J, can often be determined, given
the spins J; and J; and the angular distribution of this
transition, and of another transition from J;, for which
the spin of the final state and the mixing parameter are
known. There are three levels in N* which are formed
quite strongly in the C®2(He? p)N™ reaction and which
decay to both the N ground state (J"=1%) and the
N 2.31-MeV level (J*=0t%). These levels are those at
5.10-MeV (J*=27), 5.69-MeV (J7=1-), and 6.23-MeV
(J7=17%). All three can decay to the N* ground state by
a mixture of dipole and quadrupole radiation and, in
principle, the mixing parameters for each of these
transitions can be determined from measurements of
the angular distributions of the ground-state transition
and the transition to the 2.31-MeV level.

Using the method of calculating angular distributions
described by Litherland and Ferguson* we find the
following angular distributions:

For J;=1:12
W (8)=1-+F5(1) Py(cosb) 1)
for J;=0, and
1—6x4«?
W(0)=1—%F;(1)————P3(cosh) , (2)
1+4a2

for Jf= 1.
(11905E8:). K. Warburton and H. J. Rose, Phys. Rev. 109, 1199
(1191611&)"E' Litherland and A. J. Ferguson, Can. J. Phys. 39, 788

12 The phase for the interference term is that used in Ref. 11 for
Ml, El4+1 mixtures.
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For J,=2:
W (6)=1—(5/T)F4(2) P2(cos8) — (2/7)F4(2) Ps(cosh) , (3)
for J;=0, and

0.5+2.2366—0.357«2

W(6)=1+Fx(2)
+a? \

0.1904«
X Pa(cosf)+Fq(2) Pi(cosf) (4)
1442

for ]j_—‘l

In these expressions the quantity F,(J;) is a function of
the population coefficients P(m;) of the initial state,
ie., Fo(1)=3[1-3P(0)], F2(2)=[1—2P(0)—3P(1)],
and F4(2)=[14+5P(0)—10P(1)] with Z,P(m;)=1.
Thus, if we characterize the angular distribution of
the transition between the states J; J; by W()
=3,4,(J;,J s)P,(cosh), we can write an equation for
the mixing parameter x. For instance, for the case
Ji=J=1

(1—6x+27)/(144%) = —242(1,1)/42(1,0)  (5)
so that measurements of 4,(1,1) and 4(1,0) can be
used to determine the mixing parameter x if these

coefficients are nonzero. Similarly, we have for J;=2,
Jr=1

14+-4.4726—0.71442 10 4,(2,1)

1422 7 4:(2,0)°
and
a2 A4(2,1)
=—15 ) (6)
1422 44(2,0)

We note that the above results are still valid for the
case in which either outgoing particle from the reaction
used to populate the state J; is detected in an axially
symmetric counter; i.e., symmetric with respect to the
incident beam direction. For the special case in which
the detector is confined to view a small angular region
at 0° or 180° the situation is identical to that designated
as method IT by Litherland and Ferguson.

B. Angular Distribution Measurements

Three-crystal pair spectra were recorded at a He?
bombarding energy of 2.75 MeV for angles of observa-
tion 0, 30, 45, 60, and 90 deg with respect to the incident
beam direction. At the bombarding energy selected, the
6.44-MeV level is not populated to a significant extent.
and hence the analysis of the pair spectra becomes
somewhat simpler. The target was a thin (~250 keV)
carbon foil mounted on a 0.003-in. tantalum backing
and placed at 45 deg with respect to the incident He?
beam, such that gamma rays in the region of observation
(6<590°) passed through the tantalum backing. The
beam size was defined by a }-in. collimator located
about 8 in. before the target. While the thickness of the
tantalum backing was adequate to completely stop the
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Fic. 7. Three-crystal pair spectra of the gamma rays from a
~250 keV thick C2 target bombarded by 2.75-MeV He? ions. The
center crystal of the spectrometer was placed at (a) 90° to the He?
beam and (b) 0° to the He3 beam. The solid curves are computer
fits (see text) to the experimental data (solid points). All the peaks
are assigned to transitions in N except for the one corresponding
to the O 2.00 — O transition. The peaks are identified in (a) by
the energies in MeV of the N initial and final states of the transi-
tions to which they are assigned.

He? beam, it was sufficiently thin as to introduce only
negligible absorption corrections into the angular dis-
tribution measurements.

A current integrator was used to determine the charge
deposited by the beam. In addition, a 3X3-in. Nal
detector was used to monitor the reaction gamma rays.
The ratio of monitor counts to integrated current
remained constant throughout the series of measure-
ments, indicating in particular that there was no
measurable deterioration of the carbon target. In order
to reduce errors arising from possible angular variations
in detection efficiency and geometry, several modifica-
tions to the spectrometer apparatus were employed. The
three crystals of the spectrometer were fixed in a cylin-
drical lead casting (7 in. diam 14 in. long) so arranged
that the 1.5X3-in. center crystal viewed the target
through a horizontal bore along a central diameter of
the cylinder. A 2.5-in. lead collimator with a 1-in.
aperture was used to define the solid angle of this central
detector. The two 3X3-in. side detectors were inserted
through 4-in. diam bores along the axis of the cylindrical
casting. The entire assembly was cradled on a rotating
table which provided for automatic alignment of the
central crystal viewing axis on the axis of rotation. For
the measurements described here the spectrometer was
placed with the face of the central crystal at a distance
of 4 in: from the target. Final alignment of the spec-
trometer with respect to the target was accomplished by
placing a point source of Mn® at the target center and
then recording the intensity of the 835-keV line as a
function of viewing angle. The pivot point of the rotat-
ing table was subsequently adjusted (in the horizontal
plane) to yield isotropy to within 1%,.

The over-all gains of the two side detectors were each
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stabilized by spectrostats® to about 1 part in 500. Weak
(~4 p Ci)Mn® sources were placed near each crystal to
provide a constant reference line for this purpose. The
windows of the single-channel analyzers of the slow
coincidence circuit were then set to encompass ~75%,
of the counts falling within the photopeak of the 511-
keV annihilation line. Through the above procedure,
possible variations in the efficiency with which the
annihilation quanta of a pair event were detected were
reduced to a negligible amount.

In other respects the measurement proceeded in a
manner similar to that described previously. Triple
coincidences from the fast-slow coincidence circuit were
used to gate a 400-channel pulse-height analyzer, which
then displayed pulses from the central crystal of the
spectrometer. The spectra thus measured at two angles
of observation, 0 and 90 deg, are shown in Fig. 7. The
peaks are labeled by the energies of the initial and final
states to which they correspond. All the transitions,
save the 2.00 — O transition in C', are assigned to N,
The solid lines give the results of a computer fit dis-
cussed in the next section. In conclusion, it is estimated
that the net error introduced into the measurement by
experimental uncertainties is less than 29,.

C. Results

For each of the 5 angles of observation the data were
analyzed, using the computer program described in
Sec. IITA, to determine the areas under the peaks
corresponding to the various transitions. The computer
fit to the data for two angles is shown by the solid lines
of Figs. 7(a) and 7(b). The angular variations of in-
tensities thus determined were fitted to an expansion in
even-order Legendre polynominals of the form W ()
=3,4,P,(cosf). The results are summarized in Table
II1. Columns 1 and 2 list, respectively, for each transi-
tion, the energies of the initial and final states in N** and
the gamma-ray energies (nominal). Relative intensities
are listed in column 3. Solutions for the 4, coefficients

TaBLe III. Summary of gamma-ray angular distribution
measurements for C12(He3, )N as obtained for a He3 bombarding
energy of 2.75 MeV. The transitions are labeled by the gamma-ray
energies (nominal) and by the energies of the initial and final
states in N4, The relative intensities are given in arbitrary units.
Solutions for the 4, coefficients for a Legendre-Polynominal fit of
the (?ta are indicated by the ratios 4,/A4, and 44/4, for values
Ymax < 4.

Evy  Relative

Transition (MeV) intensity vmax A2/Ao As/Ao
6.21 -0 6.21 4.14+0.6 2 —0.009 £0.045
5.69 — 0 5.69 17 +1.5 2 0.139 4-0.023
510 -0 510 34 +25 2 —0.110+0.023
(4) —0.109+0.023 —0.0070.026
491 -0 4.91 9.5+1 2 —0.028 +0.071
6.21 —-231 390 10.541 2 0.031 +0.048
5.69 — 2.31 3.3 18.3 1.7 —0.325+0.031
5.10 —»2.31 2.79 9.1 1 2 0.368 1-0.085
4) 0.3623-0.093 0.015+40.098
231 -0 231 170 &8 —0.002 +0.014
3.95 —»2.31 1.63 67 =+9 2 0.160-0.070

13 See, for example, H. DeWaard, Nucleonics 13, 36 (1955).
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are indicated in columns 4 and 5, which list the ratios
Aa/Ao and A4/ Ao. All of the data were fit for values
rmax< 2. However, for the transitions proceding from
the 5.10-MeV (J=2) level, which may give rise to
terms in P4(cosf), the solutions obtained for vy.x=4 are
also listed. Relative intensities were calculated from the
A, values obtained by the computer fit using the pair-
detection efficiency curve determined previously for
Sec. ITA. Because the geometries for these measure-
ments were not precisely the same, however, an esti-
mated uncertainty of 59, has been incorporated into the
values given in Table III to allow for a possible variance
in the energy dependence of the product o,(Z¢/Zr).
Since the 2.31-MeV transition proceeds from a state
of total angular momentum J=0 its angular distribu-
tion must necessarily be isotropic. The results listed in
Table ITI which indicate 45/40<0.02, therefore provide
a satisfactory internal check on the accuracy of the
experimental measurements. Similarly, the 4.91-MeV
angular distribution must also be isotropic if the
4.91-MeV level is J7=0" as assumed. It is noted in
Figs. 7(a) and 7(b) however, that the 4.91- and 5.10-
MeV lines were not experimentally resolved; further,
the 4.91-MeV line experiences an appreciable Doppler
shift, to the extent that it appears to be partially merged
with the (unshifted) 5.10-MeV line at the forward
angle of 0 deg. This particular doublet, therefore, pro-
vides a useful test of the ability of the analysis to
separate the unresolved peak into two components. The
results given in Table III, which do indeed indicate
isotropy for the 4.91-MeV transition, therefore, provide
a satisfactory check on this phase of the analysis.
Following the outline presented in Sec. IVA the
values determined for 4,/4, were used to calculate the
mixing parameters for those levels which decay to both
the ground state (J=1) and to the 2.31-MeV state
(J=0). Obviously, the approach will not work for the
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Fi1c. 8. The mixing parameter x for a transition between initial
and final states with J;=J;=1 versus the function f(x)
= (1—6x+4?)/(1+4?. The experimentally determined value of
f(x) for the decay of the N 5.69-MeV level is 0.85+0.16 and is
indicated in the figure. This value of f(x) is found to correspond
to x=+0.031-0.03.
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Fi16. 9. The mixing parameter x for a transition between initial
and final states with J;=2, Jy=1 versus the function jf(x)
= (14+4.472x—0.7144%) / (144?). The experimentally determined
value of f(x) for the decay of the N* 5.10-MeV level is 0.43+-0.14
and is indicated in the figure. This value of f(x) is found to cor-
respond to x=—0.124-0.03.

6.21-MeV level, since both radiations are isotropic
within the accuracy of the experimental measurement.
However, for the 5.69- and 5.10-MeV levels, significant
anisotropies were measured; the results of graphical
solutions for the quadrupole to dipole mixing parameters
x are presented in Figs. 8 and 9.

For the decay of the 5.69-MeV level J;=J;=1 and
Eq. (5) applies. The solid curve of Fig. 8 shows a plot of
the function f(x)= (1—6x+2?)/(1+x?) defined by Eq.
(5). The experimentally determined value for f(x)
=—24,(1,1)/45(1,0)= (0.85£0.16) is indicated. The
solution for the quadrupole to dipole mixing parameter
for the 5.69 — 0 ground-state transition is x= (-4-0.03
#+0.03).* An upper limit of 3.6)X 1073 can, therefore, be
set on the intensity of M2 radiation relative to the
favored E1 radiation.

For the decay of the 5.10-MeV level, J;=2, J,=1.
The solid curve of Fig. 9 shows a plot of the function
f(x)=(140.4722—0.71442)/ (14+2?) defined by Eq. (6).
The experimentally determined value f(x)=—(10/7)
A9(2,1)/A45(2,0)=(0.4320.14) is indicated as is the
solution x= (—0.1240.03).

V. CONCLUSIONS

The J7=3* 6.44-MeV state of N* is found to decay
by E2 radiation to the N** ground state and 3.95-MeV
level with branches of (6543)9, and (214=2)9%, re-
spectively. There is also a (14=43)9, branch to the

=2~ 5.10-MeV level which is presumably E1. The
positive identification of the 6.44 — 3.95 decay mode
confirms earlier suspicions® that the 6.44-MeV level has
a sizeable branch to the 3.95-MeV level. The lifetime of
the N* 6.44-MeV level has recently been measured by

14 The results shown in Figs. 8 and 9 both allow two solutions for
the mixing parameter x. However, in both cases the solution
corresponding to the larger value of [x| is ruled out by the fact
that the 5.69 — 0 and 5.10 — 0 transitions are both predominantly
E1 (see Ref. 2).
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the Doppler shift attenuation method. The lifetimes of
the three decay modes of the 6.44-MeV level are dis-
cussed in the report? of that measurement.

From a study of transition multipolarities the N46.21-
MeV level is shown to have J™= 1+ and the even-parity
assignment?® for the 6.44-MeV level is confirmed. The
spin-parity assignments for these two states are in
agreement with shell-model calculations of True'® who
assigns these levels to the s%p8(2s,1d) configuration;
they are also in agreement with their other known
properties.®

The method!™!! of extracting information from
studies of electromagnetic transitions emitted by a
state J; without recourse to knowledge of the mechanism
of formations of the state J; is applied to determining
the amplitude ratio of quadrupole to dipole radiation
for the N* 5.69— 0 and 5.10— O transitions from
gamma-ray angular distribution measurements alone.
The results for the decay of the 1~ 5.69-MeV level and
2= 5.10-MeV level to the 1+ ground state are x=
+(0.03+0.03) and x=—(0.122£0.03), respectively.
The latter result is in fair agreement with an earlier
determination” of x=—(0.17+£0.03) and we adopt
x=—(0.142=0.03) for the 5.10 — O transition. We note
that the analysis for the 5.10 — 0 transition in both this
work and the earlier work!” was made assuming that
the contribution of octupole radiation can be neglected.
As discussed previously,!” this assumption may not be
valid in this case because of the inhibition of electric
dipole and magnetic radiation for AT=0 transitions in

18 W. W. True, Phys. Rev. 130, 1530 (1963).
(11560% K. Warburton and W. T. Pinkston, Phys. Rev. 118, 733
960).
17E. K. Warburton, H. J. Rose, and E. N. Hatch, Phys. Rev.
114, 214 (1959).
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self-conjugate nuclei and the possible enhancement of
electric octupole radiation.

The values of the mixing parameters obtained for the
5.10— 0 and 5.69— 0 transitions indicate that the
contribution of M2 radiation to the 5.10 — 0 transition
is at least four times stronger than that for the 5.69 — 0
transition. This is not surprising since the £1 5.69 — 0
transition, although forbidden by the isotopic-spin
selection rule, must be quite strong in order to compete
favorably with the allowed 5.69 — 2.31 E1 transition,
while on the other hand, the £1 5.10 — O transition is
strongly inhibited as is shown by the fact that the life-
time of the 5.10-MeV state is greater than 3X10~%
sec.!?

The branching ratios for transitions from the 5.10-,
5.69-, and 6.21-MeV levels of N* to the ground state
and 2.31-MeV level can be obtained from the relative
intensities given in Tables I and III. The results ob-
tained at the three bombarding energies used are in fair
agreement. Averaging the three determinations for the
branching ratios of these three levels we obtain branch-
ing ratios to the N ground state and 2.13-MeV level
of (7543)%, (2543)9," for the 5.10-MeV level;
(40+£3)9%, (60+3)9, for the 5.69-MeV level; and
(2443)%, (76x3)9, for the 6.21-MeV level. The
results for the 5.69- and 6.21-MeV level are in good
agreement with earlier measurements.!* A previous
determination for the N 5.10-MeV level decay was
(68+4)9, to the N ground state and (3244)9, to the
N 2.31-MeV level,’” in slight disagreement with the
present values. Taking an average of the previous
values with those of the present work gives (7243)%,
and (28+3)9, for the branches of the N* 5.10-MeV
level to the N ground state and 2.31-MeV level,
respectively.



