


1. INTRODUCTION

Both ordinary muon capture (OMC) and radiative muon capture (RMC)
involve a sizable momentum transfer and thus appear as appropriate for stu-
dying the magnitude of the induced pseudoscalar coupling in the weak had-
ronic currents, The OMC data are by now available for the majority of pos-
sible targets’1/. The observation of RMC, on the contrary, has been very
limited: Until recently we have had only data for *°Ca and '®0 and low
statistic observation for a few heavier nuclei’2/. The use of the time — pro-
jection chamber at TRIUMF made by now possible the observation of RMC
for a series of nuclei’3’. The extraction of the pseudoscalar coupling con-
stant Bp requires, however, that the photon yield should be theoretically
evaluated on the basis of some reliable nuclear response model. Since only
inclusive RMC spectra were observed till now, the last task is not easy to meet,

In the present paper we intend to give predictions for the photon spectra
due to the RMC reaction on 14N as a prospective target to be used in possible
coming experiments. The treatment of the RMC mechanisms closely follows
earlier analyses for '2C (Ref.4) and 180 and “°Ca (Ref.5). We shall discuss,
however, in detail the peculiarities of the shell model calculations for the
A = 14 nuclei. With such information the reader can judge how far the result-
ing relative photon yield R = A 5y 0/Agyccan be considered as a reliable esti-
mate. The discussion also stresses weak points and shows the ways of improv-
ing the calculations.

2. SHELL MODEL STATES

The spin and isospin reduced matrix element of any single particle ope-
rator O can be written in the form /8’

pa fi . r, A
(Bed T IOy 1B, T) =2y (a7,2) (o 11Oy i 8). (1)

We have calculated the reduced density matrix elements ' (a’,a) for
A =14 nuclei in the (0 + 1)hw harmonic oscillator basis of the shell model
(8M). For the states of normal parity we employed Cohen-Kurath (8-16) 2BME

1



interaction /?/ (in the following CK); for the states of non-normal parity the
modified Gillet COP interaction’/8’ has been adopted. The relevance of this
type of effective N-N interaction to the various reactions of interest has been
discussed elsewhere /%7, )

Here we mention only that the spurious contamination has been removed
completely from the physical states. The stability of our results against varia-
tion of effective N-N interaction has been checked by using also the empirical
matrix elements fitted by van Hees 10/ We have found that the total tran-
sition rates are fairly independent of the SM option for the N-N interaction.

The low-lying states of non-normal parity in A = 14 nuclei are all accoun-
ted for and quite well reproduced within the frame of the 1hw model space
(see also Ref, 10/}, Much less satisfactory is the description obtained within
the Ohw space for the natural parity levels. In the remaining part of this Sec-
tion we discuss the related problems,

21. The Ohw Model Space and A=14 Nuclei

The BM Ohw basis for mass number A =14, isospin T =1, provides only
two J=0% and two J =2+ states. So it is clear, the Ohw basis is too poor to
describe all the experimentally known low-lying normal parity states in £4C.
Due to the well pronounced configurational splitting between Young tablea-
ux [442] and [433], the upper and lower J =0* and J = 2% Ohw states
are separated as much as by 8-10 MeV for both interactions used by us. As a
consequence, the experimentally known '4C states 03, 04, 25, 23 have to be
interpreted as intruder states in Ohw . The two lowest 2 *(at 7.01 and 8.32 MeV)
lie so close to each other, that probably, they both contain a strong mixture
of Ohw and 2he configurations. Actually, 8.Lie/11/ restricting the space
to the 2sd active pariicles, revealed a sizable admixture of p'2 {2sd)® confi-
gurations in some low-lying A =14 states, and namely as large as about 50%
in both 2{"1 and 2;1 states. On the other hand, the ground states of !N and
14G contain only a negligible 2hy admixture. Lie succeeded to reduce twice
the electromagnetic M1 transition strength to the 271 state (in !*N), overesti-
mated by the factor of 4 in (hw calculations. The summed fransition strength
to the 271 and 2'1 states remains, however, almost the same as the one calcu-
lated in Ohe space for 2':1 state, The transition strength is only redistributed
or spread to the Ohw components of Lie’s 2;‘1 and 2;1 gtates. In other words,
a portion of the transition strength to the 2;1 state is already contained in
the transition to the 2;’1 state, if calculated in Ohw space. It should be stres-
sed, however, that this summed transition strength is indeed too high, by a
factor of 2, when compared with experimental data’t?/ . Similar overestima-
tion by a factor of 2 of the summed transition strength, we discuss,is obser-
ved in radiative pion capture (RPC) 7 13-15/ This puzzle cannot be solved
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by adding p~®(2sd)® configurations to the Ohe space only, but rather requires
a full Ohw + 2he space calculation. The recent measurement of angular distri-
butions in 14N(y, »*)14C* (Ref.”*®’ )} even shows that the restriction on
p~2(2sd)? excitations results in still further disagreement between theory and
experiment.

It has been argued long ago , that the large p~!(3pf) admixtures as
lowas 11 MeVin !*N might play an important role. Recently, the Utrecht
group 18/ has found 20% of p=1(3pf) and 10% of p~2(2sd)? configurations
even in the ground states of A =14 and A =15 nuclei, using the full Ohw +2he
model space. Although in the experiment 712/ on 15N(d, t) 14N no signifi-
cant f =2 andfor £ =3 pickup would be identified, it was not possible to
disentangle the 1p and 3p contributions to the £ =1 transitions. Because some
discrepancies between T =1 CK matrix elements and those estimated from
experiment have been found, it could be a result of just the 3p configurations
interplay. Such admixtures would change the one-particle transition strength
calculated, and namely in the 2+11 and 221 states. Unfortunately, we were
not able to investigate this problem properly, due to the technical compli-
cations.

At the end of this section we would like to mention a selection rule that
governs M1 transitions in the Ohw space and explains why the 2" 1 states
exhaust a good deal of M1 strength in A = 14 nuclei.

In the limit of LS classification of nuclear states, for the matrix element
of the transition operator O one has

17/

" Ll Si Ji
(LIl S T 1O g 106,1L0,8,3,)= {I_ s 7 } ol 1,01,1), (2
Lf Sf Jf

where the expression C involves the product of coefficients of fractional
parentage and the single-particle matrix elements. The Young tableaux [f] clas-
sify the spatial symmetry of nuclear wave functions. The 9jsymbol expresses
selection rules for angular momenta. It can be proved that due to the rela-
tive simplicity of the Ohw space, one obtains

car i~ se e it L=o0. (8)

In the wave function of !“N ground state, there is a strongly dominating
component [442] 3D | with the weight a2~0.9 fairly independent of the
effective N-N interaction used. In the ground state wave function of %C
there is neither the D component nor the symmetry [ 442] dominates. There-
fore the ground state L= 0, M1 transitions are hindered, and the strength
is distributed in the other excited states. The 2%1 level of Y0 (B, =17.01 MeV)
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contains a large [442]31D2 component. And namely this component, even
spread if the model space is enlarged, does contribute to the M1 sum rules,
This enhancement of the M1 transition to the low-lying 2*1 states (7.01 and
8.32 MeV or *N analogs) was observed in RPC,/13.15/ glectron scatter-
ing 720/ photoproduction of pions /18/ as well as in OMC 721/

3. MUON CAPTURE

In the case of RMC reaction, the transition operator O has the form /5’

- f E' L . ~ (_)
0J1 = jg (k[)]e’(nr)[YL(t)@as]Jr . (4)
000

Here o4 for 8 = 0 (8 = 1) is the unit (Pauli) matrix, r$=) is the isospin lowering
operator, k and n are photon and neutrino energies, respectively. The spheri-
cal Bessel function jE’ (nr) stems from the partial wave decomposition of the
outgoing neutrino and j[’, (kr) from the decomposition of the photon plane
waves. The necessity to expand outgoing neutrino and photon waves separa-
tely is a technical’' consequence of the modified impulse approximation
(MIA)/®/ based essentially on the continuity equation for nuclear electro-
magnetic current. This technique helps to include partly the meson exchange
current corrections /2/, The relation between impulse approximation and MIA
can be found in /2, 5/

The transition operator for OMC can be obtained from Eq.(4) in the limit
of k» 0, [ =0. In this case, the operator Oin Eq.(4) contains only one sphe-
rical Bessel function, of the argument qr, where ¢ =n is the transferred mo-
mentum limited by the muon mass as g < 0.5 fm ~1, The higher partial waves
L in Eq.(4) are effectively suppressed in Tadial integrals because they are eva-
luated within the nuclear volume (gR < 2), In RMC, due to the richer strue-
ture of the transition operator O in Eq.(4) (two spherical Bessel functions),
the L = 2 partial wave is less suppressed as compared to OMC. This influences
M1 transitions through the operator [ Y, ec] +.

Due to the computer limitations, we have omitted velocity-dependent
operators like [ Y e V] ;- It was demonstrated /22/ that although one loses
about 10% of the capture rate, the ratio of RMC to OMC rates is only negli-
gibly changed when the velocity dependent operators are consistently omitted
in both rate calculations.



4. THE OBSERVED QUANTITIES

Starting with the effective RMC Hamiltonian one derives the full RMC
amplitude M(p) see Ref. 5/, Summing over the polarization and integrating
over all directions of the outgoing neutrino momentum, the exclusive photon
spectrum corresponding to the transition from the state |E J; M;>to the
state |E,J; M, >is given as

. R
N () =_?_(‘Lzr)..=a(0 cos 8,)° m, C(2) x
(8e) "h '
(5)
xk (k™ & 1 s (M|

-k ) .
max 2(21, +1) pu M,

Here o and G are the electromagnetic and weak interaction constants, 8¢ is
the Cabbibo angle and C(Z) stems from the muon atormc wave function;
pis the polarization index of the outgoing photon and kmu is the maximum
photon energy. Performing the integration over the photon energy k, we
obtain the partial RMC rate

A:Mc Nt (k) dk . (6)

The inclusive energy photon spectrum is obtained from Eq.(5) by summing
over all final nuclear states

N(k):}%N“ (k) . M

The total RMC rate is the integral of N(k) over the photon energy

Apuc= f N (k) d, (8)

The OMC amplitude M can be derived from that of RMC using the limit k - 0.
The OMC rate is then given as

2 ! 2 3 1 2
=, S M|®.
AOMC - {nQcos BC) (muaZ) c{z) 2(2'.[1 Y MEMI [ M| (9)
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The quantities most frequently quoted for RMC are the relative photon spect-
rum



R(k) -—NK) | (10)

AOMG

and the branching ratio

A

R __RMC a1
Aouc

5. RESULTS

A.Ordinary Muon Capture

In table 1 we show the dependence of the OMC rate on the induced
pseudoscalar coupling constant g, (the axial vector coupling constant g A=
=—1.24), and the contributions of positive- and negative-parity states sepa-
rately, The OMC rate depends moderately on gp, it varies by about 17% for
the values of gPlg A between 4.5 and 20, The canonical value of g p derived as
a PCAC prediction is gp/g , =6.78 (see, e.g., Ref.”2/), However, in the SM
calculations for the 12C target 4,23/ one apparently needs an enhanced
pseudoscalar coupling constant Ep/€ " in order to reproduce the data. The expe-
rimental value’’ of the OMC rate on 4N, A$¥P = (69300+800) s~! is lower
in comparison with that we have calculated. As is discussed above, however,
it is clear that the Ohw configuration space is too poor to ensure a realistic
description of the absolute capture rate Aouc:

In table 2 we have selected some partial transitions giving main contri-
butions (Ajyc > 2000 s~!) to the total rate. The dominance of selected
states is not significantly influenced by the value gp used for calculations,
so we have chosen as a representative one the value gp/E, =16. As concerns
the experiment, there was measured/21/ the partial transition rate to the 241

Table 1. OMC rates in s~ summed over the positive (A%, ;) and
negative (A, o) parity states in 14C and total OMC rates in depen-
dence on %

g’IgA 4.5 1.5 10 12 14 16 20

Nomc 29450 27870 26810 26130 25600 25220 24910
ouc 71870 68060 65430 63660 62200 61060 59670

Aguc 101320 95930 92240 - 89790 87800 86270 84690




Table 2. OMC rates for several dominant partial transitions calcula-
ted with gP ng =16 '

E (1%C,MeV) 77T AD (D) Dominant
multipolarity

7.0 21 22750 M1, E2

11.3 11 2010 E2, M1
6.7 371 3060 M2, E3

14.9 371 3380 M2

15.7 371 2540 M2

146 274 2530 M2

17.8 271 2240 M2

184 1

5830 E1

s

state at E; « 7.01 MeV, with the result Aq,, (27) = (4640 £ 700) 8”1, This ex-
perimental value is by about a factor of 4 lower than our estimate. The same
overestimate was obtained also in other calculations /24+ 26/ We have discus-
sed the source of this discrepancy in section 2.1, Following the arguments
given there, we estimate that our results for Agyc(2*) would also be twice
as large a3 the summed 2*1 transition rate, if it were measured. So, we should
reduce our calculated total OMC rate by AA,,.=12000 s=! independently
of the magnitude of the pseudoscalar coupling. Thus, the corrected total OMC
rate ia Ay, o (8, /8, =16) ~74000 5~1. One should realize, however, that this
result wﬂl’ire increased by about 10% if the nucleon-velocity dependent terms
omitted here (cf.Sect.3) are included into the calculation.

Among other major contributions to the total OMC rate, we have obtai-
ned the strong excitation of the 1j 1 state at E, = 11.3 MeV. Analogous sirength
was seen in RPC/19.18/ gt 10-13 MeV. We predict also a strong excitation
of the 371 state at E, = 6.7 MeV. Some indication of this level was found in
the OMC data /28’ The GDR region built on the N has been studied through
photoexcitation and radiative proton capture. The 13 C(p, y )“N* excitation
function/#? shows a broad structure in the region 18 < E; < 24 MeV with
prominent peaks at E; = 22.5 and 23.0 MeV. The analogs in 14C are expected
at E; =20 MeV. Much of this strength is associated with 271 states. Our cal-
culations provide a strong E1 transition to the 2 1 state placed by the Gillet
COP force by 2 MeV low, The M2 transitions to the states 271 and 371 pre-
dicted just below the main peak in the GDR region could be probably connec-
ted to the broad structure in the photon spectrum which has been observed
in RPC 715/ near E; ~165 BMeV. These transitions constitute the spin-isogpin
dipole vibrations,



B. Radiative Muon Capture

In table 3 we present the partial RMC rates summed over all nuclear
final states with the definite spin and parity Agyc (J7) sthe total RMC rate
Agyc, and the branching ratio R. In the energy integration only the interval
k > 57 MeV is taken into account; below this energy the RMC photons cannot
be observed due to the p-decay bremsstrahlung background. We have also
calculated the relative photon specira R(k) as a functions of gPIg » they are
presented in Table 4,

There are always only a few nuclear states which provide major contri-
butions to the total reactions probability and these states are the same for
both OMC and RMC. (The only exception is the transition*4N_ _ -!C, .
discussed in Sect.3). It is therefore a reasonable approximation to take for
the calculation of R a subset of the shell model states most strongly excited
in the OMC. Namely we have limited the summation for both OMC and RMC
by those states which show up Ay (partial) >100 8~1, They exhanst about
96% of the calculated total OMC rate,

As we have expected, the calculated partial rate to the 2]1 state is very
high. As in the OMC reaction, we suppose that this rate is overestimated by
a factor of 2. Taking this into account, we should reduce the total RMC rate
for gp/g, =16 by AAgyc=0.290 s~!. Remembering the gimilar reduction
in the OMC reaction (AA 5y 12000 s™1), we can evaluate the corrected
branching ratio R(gp/g, =16) = 1.91/74270 = 2.57x 107%, This corrected
value does not differ significantly from the uncorrected one presented in

Table 3. RMC rates (in s'i) summed over the nuclear final states
of a given spin and parity J7, total RMC rates, and the branching
ratio R (in 10'5) in dependence on g,

B,/E, 7.5 10 12 14 16 20
Apyo (07) 0041 0.048 0.055 0.064 0.076 0.103
Agyo (17) 0.051 0.050  0.049 0.049  0.049 0.052
Aguc (27) 0.708 0.658  0.627 0.603 0.589  0.578
Agyc (07) 0.04B 0.057 0.066 0.074 0.086 0.112
Ague (17) 0231 0.2651 0.272 0.299 0.329  0.402
Agyc (27) 0.430 0.485 0.538 0.560 0.669 0.883
Apyg (37) 0.328 0.339 0.354 0.374 0.400 0.468
RMC 1.826 1.888  1.963 2.064 2,199 2.550
R 1.90 2.05 219 2.39 2.55 3.01




Table 4. Relative spectrum R(k) =N(k)/ Agyc (in 1078 Mev™?)
as a function of the photon energy

k(MeV) gp/g,=7.5 10 12 14 16 20

57 128 134 139 146 1.55 1.75
64 098 105 111 119 1.28 1.50
71 064 070 075 082 089 1.08
78 032 035 038 042 046 0.56
85 011 012 013 014 016 0.20

table 3. The same holds also for other pseudoscalar coupling. We believe
therefore that the calculated branching ratios R are not significantly distorted
by the unsufficient size of the Ohwy space discussed in Sect.2.1.

The eatlier calculation of the RMC rates on 1*C (Ref./ 4/ ; has shown
a good agreement with the data (R =(2.3+0.2) x 10~°) of Ref.”®® if an en-
hanced value of the pseudoscalar coupling, gp/g , ~ 16, has been used, For 160
two groups of data are available. The measurements by D&beli et al. /28/ {R=
=(2.44+0.47)x10~%) and Armstrong et al."®% (R=(2.2%0.2)x107%),
if combined with the calculations of Ref,/5/ ", also lead to a preference of the an-
hanced value of g, /gA > 14, The measurement by Frischknecht et al./81/ on
180 (R=(3.8 £ 0.4) x 10™%) indicates an even much larger value of gp, gpn/g, >
>20, It is therefore highly interesting to have data for other targets, for the
14N considered here in particular,

6. CONCLUSIONS

Both OMC and RMC reactions selectively excite the analogs of giant M1
states of the target. The Ohw shell model space does not suffice for the proper
description of all experimentally known normal parity levels of A = 14 nuclei.
This concerns, particularly, strongly excited states 271 at the 14C excitation
energy 7.01 and 8.32 MeV. For the correct description of these levels it is not
enough to include only p~*(2sd)® configurations but a full Ohw+ 2he calcula-
tion is needed. Especially the influence of p‘1 (3pf) configurations for the
nuclei near the upper end of the p-shell should be investigated carefully.
The jnability of Ohw calculation to treat properly all positive parity states
in 1N and 1#C does not influence significantly the value of the branching
ratio R for RMC, The negative parity states of A= 14 nuclei are, in general,
well described in the frame of 1hw space. The calculations give evidence for
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excitations of spin-isospin dipole vibrations in the GDR region. The predomi-
nant contributions are from 2™ and 3~ states. The RMC branching ratio R
is a sensitive function of induced pseudoscalar coupling constant gp- The mea-
surement of RMC on the 14N target is desirable.

REFERENCES

N o=

[T=N+ -BEN B = PR B - %

19.
20,
21.
22.
23.
24,
25,
26.
27.
28.
29,
30.
31.

- Buzuki T,, Measday D.F., Roalsvig J.P. —Phys Rev., 1987, C35, p.2212.
. Gmitro M., Trudl P. — In: Adv. in Nucl.Phys., ed, J.W.Negele and E.Vogt, (Plenum,

New York, 1987), vol.18, p.241,

. Hasinoff M,D, e{ al. — TRIUMF report TRI-PP-89-54, June, 1989,

. Gmitro M., et al. — Nucl.Phys. in press,

- Gmitro M., Ovchinnikova A.A., Tetereva T.V. — Nucl.Phys., 1986, A458, p.685.
. Tiator L., Wright L.E. — Phys.Rev,, 1984, C30, p.989.

. Cohen 8., Kurath D. — Nuel Phys_, 1965, 73, p.1.

. Jager H U, Kirchbach M. — Nucl.Phys,, 1977, A291, p.52.

. Gmitro M. et al. — Sov.d.Part.Nuclei, 1983, 14, p.323.

10,
11.
12,
13.
14.
15,
16.
17,
18.

A GM, van Hees, P.W.M.Glaudemans — Z Phys., 1983, A314, p.323; 1984, A315,p.223,
Lie 8, — Nucl.Phys,, 1972, A181, p.517.

Ajzenberg-Selove F, — Nucl.Phys,, 1986, A449, p.1.

Baer HW_et al, — Phys.Rev,, 1975, C12, p.921.

Kissener H.R. et &l. — Nucl.Phys., 1978, A302, p.523.

Perroud J.P. et al. — NuclPhys., 1986, A453, p.542.

Sung BN, et al. — Nucl.Phys., 1987, A473, p.705.

Mangelson N.F., Harvey B.G., Glendenning N K. — Nucl.Phys, 1968, A117, p.161.
Wolters A.A., A.GM. van Hees, Glaudemans P W.M. — Europhys,Lett., 1988, 5, p.7;
Poppellier N.A F M., Wood L.D., Glaudemans P. W.M. — Phys.Lett., 1985, 157B, p.120,
Saha 5.K. et al. — Phys.Rev., 1989, C40, p.39.

Clerc H.-G., Kuphal E. — Z Phys,, 1968, 211, p.452.

Giffon M. et al, — Phys Rev,, 1981, C24, p.241.

Gmitro M. et al. — Czech.J,Phys,, 1981, B31, p.499.

Ohtsuka N. — Nuel.Phys,, 1981, A370, p.431.

Mukhopadhyay N.C, — Phys.Lett., 1973, 44B, p.33.

Desgolard P., Guichon P,A.M, — Phys,Rev., 1979, C19, p.120.

Belloti E. et al. -— SIN Physies Report, 1976, 1, p.41.

Riess F., 0'Connel U .J,, Paul P. — Nuel.Phys., 1971, A175, p.462.

Armstrong D8, — Thesis, Univ. of Brit. Columbia, October 1988,

Ddhbeli M. et al, — Phys.Rev,, 1988, C37, p.1633.

Armstrong D8, et al. — TRIUMF preprint TRI-PP-89-2.

Frischknecht A. et al. — Phys.Rev,, 1988, C38, p.1995.

Received by Publishing Department
on February 19, 1989.

10



