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Abstract: The nuclear structure of the nucleus 25Na has been studied with the (d, 7) proton pick-up 
reaction on 26Mg at a bombarding energy of 29 MeV with an energy resolution of 25 to 30 keV 
FWHM. Excited states in 25Na have been measured up to excitation energies of 8 MeV. The 
experimental angular distributions show good agreement with the predictions from the 
standard distorted-wave Born-approximation theory (code DWUCK; non-local and finite 
range). However, the agreement is improved considerably if the procedure of Kunz, Rost and 
Johnson is applied which accounts approximately for strong couplings to inelastic channels in 
the initial and final (strongly deformed) nuclei. The influence of this treatment on the evaluation 
of spectroscopic factors has been investigated and was found to be particularly pronounced 
for l = 0 transitions. The measured spectroscopic factors are compared to those from other 
experimental work and from shell-model and Nilsson-model calculations. 

[ 
El  NUCLEAR REACTIONS Z6Mg(d, ZHe), E = 2 9  MeV; measured ~r(0). 25Na 

I deduced levels, l, ~, S. Enriched target. 

1. Introduction 

The energy levels o f  25Na const i tute  the T = -,]- states o f  the A = 25 system. G o o d  

spectroscopic  da t a  fo r  these states have become avai lable only recently 1). In  contrast ,  

extensive in format ion  existed abou t  the T = ½ states in the A = 25 system, and its 

ro ta t iona l  s tructure is well es tabl ished 2). The T = ~, A = 25 system is amenable  to 

shel l -model  and  Ni l sson-model  calculat ions.  Wi ldentha l  3) has pe r fo rmed  shel l-model  

calculat ions in a t runcated  ld~-2s½ space, and his calculated spectroscopic  factors  

can be compared  to the exper imenta l  results. In  addi t ion,  Becker et al. 4) have 

po in ted  out  a s t rong resemblance between the level schemes for  the low excited:states 

in 1 9 0  and  25Na due to the fact that  the low-exci ta t ion spectra result f rom the 

coupl ing  to T = k o f  o f  three nucleons outside the 16 0 core, neutrons  in x 90,  p ro tons  

in 25Na" Moreover ,  Kr / imer  et al. 1) have establ ished a close correspondence  between 

the spectra  o f  23Na and 25Na" This cor respondence  is easy to unders tand  by invoking 

the Ni lsson  model .  The same Ni lsson orbi ts  are responsible  for  the s tructure o f  the 

g round  and  many  excited states, and  the observed shift o f  the posit ive- and  negative-  

pa r i ty  states relat ive to each o ther  is p robab ly  due to a different deformat ion .  Un-  
for tunately ,  deta i led band-mix ing  calculat ions seem to exist s) only  for  23Na. 

t Supported in part by the US Atomic Energy Commission. 
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The excitation energies of states in 25Na up to E x ~ 5.8 MeV are well known from 
measurements of the 26Mg(t, ct) and 23Na(t, p) reactions at E t ~ 6 MeV by Hinds 
et al. 6). Additional states up to E x ~ 8 MeV have been seen by Kr~mer et aL t)  
with the 26Mg(d, z) reaction at E a = 52 MeV. Becker et al. 4) observed ?-rays from 
states up to E x ~ 4 MeV following the 26Mg(t, ~) and 23Na(t, p) reactions. They 
made the first spin-parity assignments for several excited states on the basis of ?-ray 
angular-correlation and branching-ratio measurements. Information on angular- 
momentum transfers and spectroscopic factors has become available only recently. 
Dehnhard and DeLong 7) and Maher et al. ~) observed angular distributions which 
led to/-value assignments for the transitions to the four energetically lowest states 
in the 26Mg(d,z) reaction at E a = 20.0 (34.4) MeV and 23 MeV, respectively. 
Detailed spectroscopic information from the (d, z) reaction at E a = 52 MeV up to 
Ex ~ 8 MeV was obtained recently by Kr~imer et aL 1). Several multiplets were not 
resolved in this experiment such as the ground state doublet (0-90 keV) or the triplet 
near E x = 4 MeV (3928-3952-3995 keV). Analogue states with T = ~ in 25Mg have 
been studied by D6traz and Richter 9) by means of the reaction 26Mg(~c, ~). The 
spectroscopic information obtained for these transitions is relevant to 25Na" 

The nucleus 26Mg is strongly deformed 10), and another motivation for investigat- 
ing the 26Mg(d, z) reaction was to study the influence of deformations on the angular 
distributions. The procedure of Kunz et al. ~ )  has been used in the present work. 
These authors have shown that the effects of strong couplings to inelastic channels 
in the initial and final nucleus can be simulated approximately with a modified DWBA 
procedure. The procedure has already been applied earlier by Dehnhard and DeLong 
[ref. 7)] to their 20 MeV data, and the calculated distributions for the transitions to 
the states at 0, 90 and 1068 keV showed improvement. Kr/imer et al. 1) have also 
used a modified DWBA analysis based on the phenomenological rule of Kaschl 
et al. 12). 

2. Experimental procedure 

The experiment was performed with 29.0 MeV deuterons from the University of 
Michigan 83 inch cyclotron. The beam is analyzed and focused onto the target by 
two beam-preparation magnets. For some of the forward-angle measurements the 
second of these magnets was used as a bending (and focusing) magnet only by 
removing the beam-defining slits in the scattering chamber. 

Targets with thicknesses of about 40 #g.  cm- 2 were prepared by vacuum deposition 
of  isotopically enriched 26Mg (99.7 70) onto thin carbon backings. The material was 
evaporated as metal either directly or after reduction in a tantalum crucible from the 
oxide. The thickness of the target was determined by neutron activation using the 
University of Michigan Ford Nuclear Reactor. The decay of the y-lines following 
the fl-decay of 27Mg was measured in a Ge detector for several half-lives. A second 
value was deduced from the yield of deuterons elastically scattered from 26Mg in 
the angular range 200-35 ° . The value was obtained by comparing the experimental 
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differential cross section at the secondary peak near 0 . . . .  = 32 ° with that predicted 
on the basis of the optical parameters used in the distorted-wave analysis. The results 
from the two methods agree reasonably well, and the estimated uncertainty in the 
overall normalization due to uncertainties in the target thickness and other factors 
is _+20 %. 

All measurements were taken with the first of  the three-stage magnetic spectro- 
graph 13). The angular range was from 6 ° to 45 °, and the angular resolution was _+2 °. 
The aHe particles from the (d, z) reaction on 26Mg were detected in the focal plane 
by means of  photographic emulsions or position-sensitive detectors. The emulsions 
were Ilford type K 0 of  thickness 100/~m. Aluminum absorbers were placed in front 
of the plates to absorb the a-particles and to facilitate the selection of  helion tracks 
from deuteron and proton tracks on account of  their greater ionization density. A 
background of  deuterons of  the same magnetic rigidity originated from the beam- 
defining slits in the scattering chamber with subsequent elastic scattering in the target. 
This background was reduced by removing these slits and, for essentially all measure- 
ments below 15 ° , by simultaneously using up to five position-sensitive detectors in 
the focal plane instead of  photographic plates. A monitor was used for all forward- 
angle measurements. The photographic plates were read by human scanners. 

3. Distorted-wave analysis 

3.1. SPECTROSCOPIC FACTORS 

Spectroscopic factors C2S have been obtained by comparing the experimental 
differential cross sections to the predictions from the distorted-wave theory. The 
calculations were performed with the computer code D W U C K  14) using the local- 
energy approximation for non-local and finite-range effects. We have 

d a~ (0) = 29.5 C2Slj alJ(O) (1) 
dr2 2 j+  1 

Here, (da/dt2)(O) are the experimental values in mb/sr, trtj(O ) are the reduced cross 
sections computed with DWUCK for pick-up from the orbital (l,j), Stj is the con- 
ventional spectroscopic factor 15), and C is a Clebsch-Gordan coefficient which 
ensures isospin conservation. For proton pick-up we have C 2 = 2Tf/(2Tf+ 1). For  
our special reaction C 2 = ¼. The coefficient 29.5 has been evaluated by Bassel 16) 
in the finite-range approximation. No summation over different/-values is required 
since the target has spin J = 0. 

3.2. OPTICAL POTENTIALS 

The general form of the optical potential has been employed. Parameter sets for 
the deuteron and helion potentials are listed in table 1. The deuteron parameters 
were obtained from the expressions given by Newman et aL 17) for the Z- and A- 
dependent average set. The first set of  the 3He potential parameters is the energy- 
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TABLE 1 

Optical-model parameter sets used in the distorted-wave analysis 

Projectile Set V ro a Wo Wa r'o a' Vs.o. rc Ref. 
(MeV) (fm) (fro) (MeV) (MeV) (fm) (fm) (MeV) (fm) 

d 93.78 1.054 0.814 0.00 1 0 . 8 5  1.360 0.729 6.74 1.300 i7) 

z" I 178.00 1.140 0.723 15.30 0.00 1.640 0.910 0.00 1.400 is) 

r II 143.40 1.140 0.723 23.80 0.00 1.600 0.810 0.00 1.400 19) 

III 166.70 1.100 0.716 29.50 0.00 1.448 0.913 0.00 1.400 19) 

p adjusted 1.200 0.650 2 .... = 25 1.250 
(bound state) 

dependent set of  Gibson et al. is) obtained for elastic scattering on 4°Ca for energies 
ranging from 22 to 64 MeV. The two other sets were used by Wildenthal and New- 
mant 9) in their analysis of the (d, z) reaction on 27A1. The parameters are related 
to the fixed geometry of Gibson, but the well depths were adjusted to fit several 
angular distributions of 3He elastic scattering data on ld-2s shell nuclei. The three 
3He parameter sets describe the experimental distribution for the (d, z )g round  
state transition in 25Na about equally well (see below). 

3.3. BOUND-STATE WAVE FUNCTION 

The bound-state wave function for the transferred proton was taken to be a single- 
particle wave function generated in a Woods-Saxon potential well. The depth was 
adjusted to give the correct binding energy of 5.494 MeV-Q(g.s . )+Ex.  Standard 
geometrical parameters were used and are listed in table 1. Included in the binding 
potential is a spin-orbit coupling term of magnitude 2 .... = 25 times the Thomas 
term. Since this term has opposite sign f o r j  = l+½, the effect on the wave function 
(for the same binding energy and assumed j = l+  ½ or j = l -½)  leads to somewhat 
different spectroscopic factors while the shape of the angular distributions is affected 
only little. 

3.4. CORRECTIONS FOR NON-LOCALITY AND FINITE RANGE 

The necessity for applying corrections due to non-locality and finite-range effects 
in (d, ~) reactions has been pointed out by Hiebert et  al. 20). In the local energy 
approximation the corrections from both effects are approximately described by 
introducing radial correction factors which reduce the contributions to the reaction 
from the nuclear interior. The net effect of these corrections is to increase the predicted 
reaction cross sections and to decrease the spectroscopic factors. The shapes of the 
predicted angular distributions, however, appear not to be sensitive to these correc- 
tions. 

In the present analysis the following non-locality range parameters were used: 
fl(d) = 0.54, fl(z) = 0.30, fl(p) = 0.00. The finite-range parameter R(d, ~) = 0.77 fm 
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was used. Note that the finite-range parameters used by Kunz t4) in his code 
D W U C K  and that of  Bassel 16) differ by a factor of two. 

3.5. CORRECTIONS FOR STRONG COUPLINGS TO INELASTIC CHANNELS 

The effects of strong couplings to inelastic channels in the initial and final nuclei 
can be important in particle-transfer reactions, particularly on deformed nuclei. 
Kunz et al. 1 ~) introduced an approximate procedure to account for these effects by 
adding a term x Vx(r) to the spherical potential V(r )  used in the coupled-channels 
calculations. The procedure makes use of the adiabatic approximation, a smoothness 
approximation, and a limitation to a first-order term in the coupling. For deformed 
nuclei the approximation can be represented by a change in the radii of  the optical- 
model potentials which describe the distorted waves of  the incoming and outgoing 
particles. The radii have to be increased by the factor (1 +tcfl) where fl is the defor- 
mation parameter and x depends on the Nilsson coefficients. An explicit expression 
for x is given by Kunz et al. ~ ~) for cases where the target nucleus is doubly even and 
the coupling term is due to the quadrupole deformation. Their table II lists numerical 
values for x for levels based on Nilsson orbits 7 and 6 (not 11; for notation see table 3) 
which are also of interest in the 26Mg(d, z) 25Na reaction. It appears that band- 
mixing calculations for tc have not yet been performed. 

3.6. THE RULE OF KASCHL ETAL.  

Kaschl et al. 12) in their analysis of (d, z) reactions at E a = 52 MeV on a variety 
of  ld-2s shell nuclei [see also ref. 1) and references quoted therein] compared the 
observed variations of the phases of the forward maxima and minima with the 
predictions from the distorted-wave theory. They observed discrepancies and found 
empirically that better agreement can be obtained by modifying the real radius param- 
eters of both optical potential wells and that of the bound-state potential well without 
changing any of  the other potential parameters. As a phenomenological rule they 
introduced shell-dependent real potential radii according to ro16 ~" for pick-up from 
the lp shell, ro28 ~ for the ld~ shell, ro32 ~ for the 2s~ shell, and ro40 ~- for the ld~ shell 
rather than the ordinarily required radii ro A~. 

4. Experimental results 

Fig. 1 shows a 3He spectrum obtained at 0ja b = 15 °. The spectrum is a composite 
of  several overlapping exposures with different magnet settings. It covers states in 
25Na up to excitation energies of 8 MeV. The resolution of 27 keV is due to target 
thickness and other factors. Lines from the carbon backing and from oxygen con- 
taminations interfere with the lines of  interest at a few select angles. The spectrum is 
dominated by a strong l = 2 pick-up transition to the ground state. The state at 
E X = 5190 keV is the energetically highest state which carries sizable spectroscopic 
strength. 
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Fig. 1. Spectrum of aHe particles from the reaction 26Mg(d, T) 2 SNa obtained with 29 MeV deuterons 
and photographic plates in the focal plane of the first analyzer magnet at 0tau = 15 °. The spectrum 

is a composite of several overlapping exposures. 

The experimental angular distributions for the various transitions are shown in 
figs. 2-5. They are labeled by the excitation energies. The DWBA predictions shown 

with the data will be discussed later. Figs. 2-4 show the distributions which are 
characteristic for l = 2, l = 0 and I = 1, respectively, while fig. 5 shows all transitions 
which are weak and/or exhibit angular distributions characteristic for high-angular- 
momentum transfers. All transitions to known states with excitation energies up to 
6005 keV are included in the figures except for the transitions to the states at 3456 keV 
and 3952 keV. These transitions are weaker than that to the state at 3685 keV, and 
they cannot be seen in the presence of background or stronger neighboring lines. Also 
not shown are the weak transitions to the states above 6005 keV which have been 
measured at three angles only. These include transitions to eight states which have 
not been observed before. They are listed in table 3. 

5. Discussion 

5.1. OPTICAL PARAMETERS AND CORRECTIONS FOR NON-LOCALITY AND FINITE 
RANGE 

Fig. 6 shows the comparison between the measured angular distribution for the 
transition to the ground state and several predictions from the distorted-wave theory. 
The upper curves are based on the zero-range approximation (L/ZR). The lower 
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Fig. 2. Measured  angular  
dis t r ibut ions with l = 2 char-  
acteristics. The  heavy lines 
represent  the predict ions from 
the  distorted-wave theory  
(non-local  and  finite range).  
The  thin cont inuous ,  dashed,  
dash-dot ted  and  dot ted lines 

Fig. 3. Measured  and  calcu- 
lated angular  distr ibut ions 
with l = 0 characteristics.  
The  distr ibution for the state 
at 3928 keV includes a cal- 
culated curve with l = 2 

characteristics.  

Fig. 4. Measured  and  calcu- 
lated angula r  dis tr ibut ions 

with 1 = 1 characteristics. 

are the  result  o f  the  modified theory 1~) which includes corrections for couplings to inelastic 
channels .  The  percentages assigned to the  curves represent  the relative increases in the respective 
optical potential  radii. The  curves are labeled by the excitation energies taken from ref. 21). (All 
cross sections o f  this  and  the o ther  figures have to be mult ipl ied by the  factor 0.9.) 

curves are based on the local-energy approximation for the corrections due to non- 
locality and finite range (NL/FR)  with the parameters o f  sect. 3. The three respective 
curves were obtained by using the optical parameter sets o f  table 1. Parameter set [ 
gives best agreement for L/ZR while there is a preference for set 1I for NL/FR.  The 
behavior below 0o..,, = 12 ° is not reproduced by any of  the calculated curves. Also, 
the experimental maximum near 16 ° appears somewhat sharper than the calculated 
c u r v e s .  

The 3He parameter set [ and NL/FR were chosen for all subsequent comparisons. 
The use o f  sets II or II! would lead to slightly reduced spectroscopic factors. The use 
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of  L /ZR would lead to increased spectroscopic factors in agreement with the expecta- 
tion expressed earlier. The increase is 22 ~ for the l = 2 ground state transition and 
is 51 ~o for the l = 0 transition to the state at 1068 keV. Thus, the use of  L/ZR would 
lead to a general increase with a pronounced enhancement of  the l = 0 spectroscopic 
strength. The curves displayed in figs. 2-5 as heavy lines are based on the above 
assumptions. The other curves will be explained below. Most assignments of/-values 
are unambiguous with only a few exceptions. 

5.2.  T H E  l = 2 T R A N S I T I O N S  

Fig. 2 shows the transitions which display l = 2 characteristics. The ground state 
in ZSNa is well known 2~) to have J~ = ~+. Angular distributions for the (d, T) 
reaction with l = 2 have been observed before 1,7. a). The state at 90 keV has been 
assigned J = 5 or ~ from 7-ray correlation and branching ratio measurements 4), 
and an angular distribution with l = 2 has been observed before 7). Even though 
a direct determination of the assignment J = ½ appears not to exist, it seems to be 
favored by theoretical arguments [see ref. 4)]. The states at 2204 keV and 2913 keV 
have been assigned J = 5 and J = 5 or ~- from ),-ray measurements 4). Angular dis- 
tributions.with l = 2 characteristics for these two states have been observed before ~). 
The assignment J = ~z for the latter state is more likely on theoretical grounds as it is 
probably the second ~+ state of  the two rotational bands (see below) based on 
K ~ = 5 + (90 keV) and K ~ = ½+ (1068 keV). Another ~+ state is also required by 
shell-model calculations 3). 

5.3. T H E  l = 0 T R A N S I T I O N S  

Fig. 3 shows the transitions which display l = 0 characteristics. The state at 1068 
keV has been assigned J~ = ½+ from ),-ray measurements 4), and angular distribu- 
tions with l = 0 have been observed before 1, 7,a). The state at 3928 keV had no spin 
assignment. The finite resolution in the experiment of  Kr/imer et aL ~) precluded its 
separation from the strong I = 1 transition to the state at 3995 keV. The probable 
assignment of  l = 0 for this relatively weak transition from the present experiment 
is based on the comparison of the measured angular distribution and of the measured 
ratio for the states 3928 keV/3995 keV with distorted-wave predictions. A possible 
assignment of  I = 2 cannot be completely excluded, though. The state at 4286 keV 
has been assigned J"  = ½÷ from an l = 0 angular distribution t). This assignment 
has been adopted here because the presence of lines from carbon and oxygen did 
no': permit the measurement of  a more complete angular distribution. 

5.4.  T H E  1 = 1 T R A N S I T I O N S  

Fig. 4 shows the transitions which display l = 1 characteristics. The state at 3995 
keV has been assigned J "  = ½- on the basis of  an I = 1 angular distribution ~), and 
from the fact that it is the energetically lowest state resulting from pick-up from the 
lp  shell. The state at 5190 keV has been assigned J~ = (½-, 5 - )  on the basis of  an 
1 = 1 angular distribution ~). Additional transitions with l -- 1 angular characteristics 
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have been observed 1) before for transitions to states at 5690, 6005, 6549, 6753, 7603 
and 8052 keV. Angular distributions compatible with I = 1 are shown in fig. 4 for 
the first two of these transitions. No angular distributions were taken for the others. 

5.5. OTHER TRANSITIONS 

Fig. 5 shows the weak or unspecific angular distributions. The differential cross 
sections range from about 1 to 20 #b/st. Many of the transitions could just barely be 

detected. 
The state at 2418 keV has been given a probable assignment J > ~ from y-ray 

correlation and branching-ratio measurements 4). A flat angular distribution has 
been observed in the (d, ~) reaction, and the comparison with a corresponding 
24Mg(d, z) 23Na transition suggests jR = ~+ for this state 1). The assignment is 
confirmed by the present data which are shown in fig. 5 together with the distorted- 
wave predictions for l = 4. The state at 2788 keV has been reported as (½+) from a 
(d, z) angular distribution 1). This assignment is not confirmed by the present experi- 
ment. Data points for this weak but well separated transition have been measured to 
small forward angles, and the comparison with the distorted-wave predictions for 
l = 0 are shown in fig. 5. (If the assignment I = 0 were adopted, the spectroscopic 
factor would be C 2 S  ~ 0.02; not shown on table 3.) The assignment J > g2 has been 
given for the state at 3353 keV based on y-ray measurements 4). No assignment is 
possible from the present experinaent, but it excludes a direct reaction with 1 < 2. 
The state at 3685 keY has been reported as (~+) from a (d, z) angular distribution 1). 
The present data shown on fig. 5 with the predictions for 1 = 2 do not support this 
assignment but cannot exclude it. (If the assignment I = 2 were adopted, the spectro- 
scopic factor would be C 2 ~  S 0.03; not shown on table 3.) In addition to the transi- 
tion to the state at 2418 keV, three more transitions (to the states at 4962 keV, 5146 
keV, and 5378 keV) exhibit cross sections which are at least a factor four stronger 
than the remaining transitions. Weak direct transitions could possibly be considered 

for these states. 

5.6. CORRECTIONS FOR STRONG COUPLINGS TO INELASTIC CHANNELS 

It was mentioned earlier that the agreement between the experimental and cal- 
culated distributions for the l = 2 ground state transition is not very good at the 
forward angles (see figs. 6 and 2). The situation for the weak l = 2 transition to the 
state at 90 keV is very similar. For the l = 0 transition to the state at 1068 keV the 
agreement is even worse at the forward angles, and the secondary maxima, in partic- 
ular the one near 0 . . . .  = 39 °, occur at angles considerably smaller than predicted 
(see fig. 3). Since 26Mg is a strongly deformed nucleus lo), it was decided to apply 
the procedure of Kunz et al. 11) to correct for the effects of strong couplings to in- 
elastic channels. The respective thin lines in figs. 2-4 for the above and several other 
states (solid, dashed, dash-dotted, dotted) show the results for optical potential radii 
increases of 5 ~o, 10 ~o, 15 ~o, and 20 ~o, respectively. As one can see from the figures, 
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Ex J Experimental Calculated 
(keV) Nilsson orbit 7 Nilsson orbit 6 

0 ~+ 8 ± 3  
90 .~+ 1 4 i 3  

1068 ½+ 1 3 i 5  
2204 5- + 6 5- 5 
2913 .~+ 35-3 
3928 ½+ 155-5 
3995 ½- < 3 
5190 9- 5+4 
5690 ~-- ~ 0 
6005 ~-- ~ 0 

3 11 
12 25 

19 

The coefficients account for couplings to inelastic channels 1~). 

the procedure leads to considerably better agreement between the shapes of the experi- 
mental and calculated distributions. Best agreement is obtained for the increases 
shown in table 2. Dehnhard and DeLong 7) applied the same procedure to their 
20 MeV data and reported percentages of 10-20 for the three energetically lowest 
transitions in agreement with the present results. Kunz et al. 1 ~) have reported 
numerical values for the coefficient ~c for Nilsson orbits 7, i.e., [211 ]~+, and orbit 6, 
i.e., [220]½ +, and the values xfl with fl = 0.28 are also shown in the table for compari- 
son. 

The ~r + ground state has presumably strong contributions from Nilsson orbit 7 
(see the end of subsect. 5.8 for details about the Nilsson wave functions and the corre- 
spondence between 23Na and 25Na). The calculated value of  3 9/o is smaller than the 
observed one. However, the wave function of  Dubois s) for the corresponding state 
at 390 keV in 2 3 N a  suggests considerable amounts of  band mixing with Nilsson orbits 
6, 9 and even 5 which may well account for the observed value. 

The wave function 5) for the ~+ state at 90 keV in 25Na which corresponds to the 
ground state of  23Na is almost pure and based on Nilsson orbit 7. Indeed, the cal- 
culated value of  12 % agrees very well with the experimental value of (14+3)  9/o. 

The ½+ state at 1068 keV in 25Na presumably corresponds to the energetically 
lowest ½+ state in 23Na at 2391 keV. As discussed in subsect. 5.8, this state is probably 
based on Nilsson orbit 6, and the agreement between the experimental and calculated 
values is again quite good. However, there appear to exist discrepancies for the three 
observed ½+ states with respect to the wave functions of Dubois 2) and the measured 
spectroscopic factors. Because of this observation and since band-mixing calculations 
for K seem not to exist, no further attempts have been made for a comparison between 
experimental and calculated values of  xfl. 

To facilitate the comparison between the shapes of the experimental and calculated 
angular distributions, the curves have generally been normalized at the first maximum. 
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Fig. 8. Measured angular distributions for the transitions to the states at 0 keV (ld~), 90 keV (Ida_), 
1068 keV (2s~), 3995 keV (lpk) and 5190 (lp~). The heavy lines represent the predictions from the 
unmodified distorted-wave theory (non-local and finite range). The thin lines are obtained by 

applying the phenomenological rule of Kaschl et al. 12). 
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A change in the optical potential radii by the factor 1 + xfl, however, will also lead 
to a change in the spectroscopic factors extracted from the data. This change is 
considerable, particularly for l = 0 transitions, as can be seen from fig. 7. Here, the 
ratio of the spectroscopic factors obtained with and without the radius correction is 
plotted as a function of A R / R  = ~:fl. The heavy points are based on the best estimate 
for Kfl. For  the l = 2 transitions to the states at 0 keV, 90 keV, and 2913 keV, the 
spectroscopic factors are increased by factors of 1.6, 2.3, and 1.2, respectively. For 
the 1 = 1 transitions to the states at 3995 keV and 5190 keV, the increases are by 
factors of 1.0 and 1.3, respectively. For the l = 0 transitions to the states at 1068 keV 
and 3928 keV, finally, the increases are by factors of 4.5 and 4.1, respectively. The 
latter result confirms the enormous sensitivity of l = 0 spectroscopic factors to the 
details of the calculation. The use of L/ZR would enhance the l = 0 strength even 
further by about 30 ~o. 

5.7. THE RULE OF KASCHL ETAL.  

The phenomenological rule of  Kaschl et al. 12) recommends the use of shell- 
dependent real potential radii. Fig. 8 shows for several transitions the change of the 
calculated distributions which results from the application of the above rule. The 
agreement with the measured angular distributions is indeed improved for the transi- 
tions to the states at 90 keV (1 = 2) and 1069 keV (I = 0). In contrast, the agreement 
at the forward angles for the strong ground state transition (l = 2) is not improved 
at all. Only slight changes in the calculated distributions are observed for the transi- 
tions to the states at 3995 keV ( / =  1) and 5190 keV (l = 1). Because of the above 
inconclusive results, no further attempts have been made to apply this empirical rule. 

5.8. SPECTROSCOPIC FACTORS C2S 

The spectroscopic factors C 2 S  from the present work are listed in columns 3, 4 
and 5 of table 3. They were obtained in several ways. The values of column 3 are those 
of  the non-modified distorted-wave theory in the NL/FR approximation. The total 
spectroscopic strength for transitions to states with J~ = ~+, ~+ and ½+ is 
~C2S( ld-2s)  ~ 3.5. This value is only slightly below the simple shell-model estimate 
of  4.0. If  the procedure of Kunz et  aL 11) is employed to account for couplings to 
inelastic channels, the values in column (4) are obtained. The multiplication factors 
of fig. 7, based on the experimental values of A R / R  = xfl,  have been used. Estimated 
factors were used for a few weak transitions. The total spectroscopic strength becomes 
~C2S( ld-2s )  ~ 6.1 which represents a considerable overestimate of  the simple 
shell-model expectation. It should be noted that the use of L/ZR would lead to an 
additional increase of  the absolute spectroscopic factors by about 20 to 50 ~o. 

The overestimate of  the added ld-2s shell spectroscopic strength may be due to 
the fact that in the procedure of Kunz et al. ~ ~) the changes in the bound-state wave 
function are not included. However, Rost 22) has shown that bound-state wave 
functions generated in a deformed potential well are generally reduced in the nuclear 
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TABLE 3 

Summary of the experimental and theoretical spectroscopic factors C2S for the proton pick-up 
reaction 26Mg(d, z)ZSNa 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

Level ") C2S[(d, v), 29 MeV] b) CZS(d, v) c) C2S(r, o0, T> a) Level C2S ~) 
E~ jTr NL/FR NL/FR NL/FR L/ZR L/ZR E~ j~r shell 

(keV) (fix =7(= 0) (fi~ :~A 0) normalized (keV) model 
normalized 

0 3 + 2.56 4.11 2.61 
90 ~+ 0.22 0.51 0.33 

1068 ½+ 0.13 0.55 0.35 
2204 ~+ 0.15 0.23 0.15 
2418 (~÷) (0.49) (0.49) (0.31) 
2788 
2913 (3, ~)÷ 0.30 0.37 0.24 
3353 -----_ 
3685 
3928 (½÷) (0.06) (0.27) (0.17) 
3995 (½,3)- 1.05 1.05 0.67 
4286 ½+ 0.05 0.10 0.06 
5190 (~,½)- 0.56 0.75 0.47 
5690 (3, ½)- 0.16 0.16 0.10 
6005 (3,½)- 0.06 0.06 0.04 
6549 (3,½)- 
6753 (3,½)- 
7603 (3, ½)- 
8052 (3, ½)- 

2.70 0 3 + 2.72 
3.02 0.32 60 3 + 0 
0.33 0.28 760 ½+ 0.55 
0.09 3100 ,]+ 0 

2140 ~+ 0 
f) 
0.32 0.35 2730 6 + 0.50 

f) 

2.41 
0.10 
0.85 
0.20 
0.10 
0.22 

< 0.12 
0.30 

< 0.18 

1.48 

0.55 

4290 ½+ 0.00 

6710 ½+ 0.01 

2310 ]+  0 
3620 ~+ 0 
4470 3 + 0 
4620 ~+ 0 
4660 ~+ 0.01 
5040 6 + 0.02 

") Excitation energies from ref. 21) and for Ex > 6000 keV from ref. 1). New levels have been 
found at Ex = 58764-12, 60794-15, 61544-15, 68634-20, 6936±20, 6985-4-20, 7780=t=25 and 
8400~25 keV. For additional levels of which the angular distributions have no particular angular 
characteristics, see fig. 5. 

b) Present work. 
¢) Ref. 1); Ea = 52 MeV. 
d) Transitions to T = ~ analogue states in 2~Mg; ref. 9); E~ = 14.5 MeV. 
¢) Ref. 3). 
*) The assignments (½+) and (3 +) with spectroscopic !actors of ,,~ 0.06 and ~ 0.08, respectively, 

are not listed here. 

interior and enhanced in the exterior. The use of  bound-state wave functions from a 
deformed well instead of  a spherical well should therefore decrease the spectroscopic 
factors similarly to the decrease observed with the use of N L/F R  instead of L/ZR. 
Indeed, Broad 23) has carried out preliminary calculations for the energetically lowest 
states in 2 SNa based on the wave functions by Dubois 5) for the corresponding states 
in 23Na. He finds considerable reduction factors for C2S, namely about 0.53 for the 
4 + ground state, aboutO.95 for the 3 + state at 90 keV, and about 0.90 (or 0.40) for 
the ½+ state at 1068 keV. The latter two values are obtained depending on whether 
this ½+ state is assumed to be based on Nilsson orbit 6 or 9, respectively. When these 
factors are applied, the total spectroscopic strength for the ld-2s shell is again reduced 
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to a value slightly below the expected value of 4.0. This result is very reassuring and 
points to the internal consistency of  the whole approach. However, it also shows that 
spectroscopic factors extracted for the weaker transitions in reactions on deformed 
nuclei may well be uncertain by a factor of 2. 

Because of  the limited knowledge about the wave functions and the preliminary 
nature of  the bound-state wave function calculations, the above approach has not 
been pursued further. Instead a general reduction factor of  about 0.63 was applied 
to all values of  column 4. Column 5 shows the result which amounts to a renormal- 
ization of  the total spectroscopic strength to ~C2S(ld-2s)  = 3.9. A value slightly 
below 4.0 was chosen to account for some unobserved spectroscopic strength to 
higher excited states. 

A comparison between the spectroscopic factors from the present experiment 
(columns 3 and 5) and those from other experimental work (columns 6 and 7) shows 
good agreement, particularly for the ld-2s shell states. The l = 0 strength for the 
state at 1068 keV appears to be too weak in the unmodified distorted-wave analysis, 
but the corrected value of column 5 agrees very well. The observed lp strength is 
weaker than the one observed in the other experiments. This is particularly the case 
for the l = 1 transition to the (½, ~)-  state at 3995 keV in the corrected procedure. 

Wildenthal 3) has carried out a shell-model calculation for ZSNa based on a trun- 
cated ld~-2s½ space. Because of the limited shell-model space, spectroscopic strength 
is predicted only for levels with J~ = ~+ and ½+. Except for this limitation, the agree- 
ment between the experimental and calculated level schemes and the spectroscopic 
factors is quite good. Several calculated levels for which the corresponding experi- 
mental levels have not been established are included in the list. 

The observed ld~ strength of C2S = 2.56/2.61 for the strong transition to the ~+ 
ground state agrees well with the predicted value of Czs = 2.72. Additional ld~ 
strength is observed for the transition to the state at 2913 keV. The calculation seems 
to slightly overestimate this component. A possible candidate for one of the two 
predicted ~+ states at higher energy (4660 keV and 5040 keV) is the state at 5378 keV. 
A substantial amount of ld~ strength has been observed for the transitions to the ~+ 
states at 90 keV and 2204 keV. No strength is predicted for these states, of  course. 
The observed 2s~ strength of CZs = 0.13/0.35 for the transition to the 1+ state at 
1068 keV is weaker than the predicted value of C2S = 0.55 but still the strongest o f  
the three observed l = 0 transitions. Two higher ½+ excited states are populated 
weakly while the predicted strength is practically zero. Several states with J~ = ~ + 
and ~+ are predicted with no spectroscopic strength, but only one experimental 
state can be related to it with confidence. The observed state at 2418 keV has probably 
'7+ and corresponds to the state predicted at 2140 keV. The observed strength of 
cEs = 0.49/0.31 appears too big for a lg~ admixture in the ground state wave 
function of 26Mg. Therefore, a two-step process cannot be excluded. A similar 
situation has been observed at the same bombarding energy for the transition to the 

+ state at 7570 keV in the 160(d, ~)15 N reaction 24). The observed state at 2788 keV 
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is a likely candidate for the predicted ~+ state at 2310 keV. It is worth adding that 
the results of shell-model calculations for ~ 90, for example those of  Federman z4), 
strongly resemble the results for 25Na of Wildenthal a). The reason is that in both 
nuclei the low-excitation spectra result from the coupling of  T = { of three nucleons. 
The calculations for x90 also predict a ~+ state at about the same excitation energy, 
and such a state has indeed been observed 26) in a 90 at 2775 keV. 

The energetically lowest state with negative parity at 3995 keV must be based on 
a lp~ hole. The observed strength of CZs = 1.05/0.67 exhausts part of the simple 
shell-model estimate of 2.0. The state at 5190 keV with czs  = 0.56/0.47 is probably 
based on a lp~. hole. Most of the additional states with negative parity at 5690 keV, 
6005 keV and higher probably have J~ = 3- .  If all observed transitions to states 
above 6005 keV were given an l = 1 assignment, their spectroscopic strength would 
add up to a value of  about 1.1. Only a fraction of  the expected lp~ r and lp~. strength 
has been observed in the present experiment. The observed centroid energies for the 
lp shell proton holes are ~ 4000 keV (lp~), > 5280 keV (lp~.) and > 4640 keV (lp). 

Spectroscopic factors can also be calculated on the basis of the Nilsson model. 
Unfortunately, band-mixing calculations for 25Na seem not to exist. On the other 
hand, detailed band-mixing calculations have been performed for 23Na by Dubois 5) 
to describe his data on the 2ZNe(z, d)23Na stripping reaction. Some of his conclusions 
can be applied to 25Na because the level schemes of the two nuclei show a close 
correspondence 1). The energetically lowest band is based on Nilsson orbit 7 
characterized by [21113 +. In 23Na the 3 + band head is the ground state. The 3 + 
member of this band is energetically depressed due to strong mixing with other ~+ 
state and lies at 439 keV. In 2 SNa ' however, the 3 + state is apparently depressed even 
further and becomes the ground state. The 3 + band head lies at 90 keV. The ½+ 
states at 2391 keV in 23Na and 1068 keV in 25Na are the band heads of  the next 
higher band. According to Dubois 5) the band is based on orbit 9 with [211]½ +. 
However, the arguments presented below seem to make orbit 6 with [220]½ + more 
likely. Table 4 lists the Nilsson orbits in their energetic sequence expected for large 

positive deformations. 
To facilitate the discussion presented below, idealized spectroscopic factors for 

26Mg(d ' z)25Na from the Nilsson model are shown in table 4. The values are obtained 
by using the tables of Chi 27) with ~ = 0.25. It was assumed that there exists no band 
mixing and that the orbits in 26Mg are completely filled up to and including orbit 7 

and are empty beyond. 
The 3 + ground state of 25Na presumably corresponds to the state at 439 keV in 

23Na which has a strong calculated component 23) from orbit 7 with additional 
contributions from orbits 6, 9 and even 5. The strong calculated spectroscopic factor 
of  C2S = 1.90 for pick-up from orbit 7 without band mixing still underestimates the 
observed strength. Preliminary band mixing calculations by Dehnhard 7) indicate 
that band mixing indeed leads to an enhancement of  the ld I_ strength for the ground 

state. 
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TABLE 4 
Spectroscopic factors C2S for the proton pick-up reaction 26Mg(d, z)25Na assuming Nilsson wave 

functions 27) with t~ = 0.25 

Nilsson orbit J C2S 

3 [110]½- ½- 0.29 
~- 1.71 

2 [101 ]~-- 3-  2.00 
4 [101 ]½- ½- 1.71 

{-- 0.29 
6 [220]½ + ½+ 0.53 

3 + 0.15 
~+ 1.32 

7 [21.1 ]~ + ~+ 0.11 
~+ 1.90 

9 [211 lg~ + ½+ 0.00 [0.40] 
~+ 0.00 [1.021 

11 [200]½ + ½- o.00 [1.05l 

Band mixing is not considered, and the Nilsson orbits in 26Mg are assumed to be filled up to and 
including orbit 7. The spectroscopic factors given in square brackets are obtained if orbits 9 and 11 
are assumed to be filled. 

The 3 + states in 25Na at 90 keV and 2204 keV presumably correspond to the states 
in a3Na at 0 keV and 2984 keV. The latter states have almost pure calculated com- 
ponents s) based on orbits 7 and 9, respectively. The spectroscopic factors c Z s  = O. 11 

and 0.00 from table 4 are not in very good agreement with the observed values of  
C 2 S  = 0.22/0.33 and 0.15/0.15, respectively. Band mixing and, in particular, about 
15 ~ of  excitations in z 6Mg into orbit 9 may better account for the observed strength. 

A discrepancy seems to exist with respect to the 3 + states in 23Na (2391 keV, 4431 
keV, 6311 keV)and/or  z 5Na (1068 keV, 3928 keV, 4286 keV). According to Dubois 5) 
there exists practically no band mixing for the 3 + states in Z3Na, and they are based 
on Nilsson orbits 9, 6 and 11, respectively. These assignments are deduced essentially 
from the very weak population in the 2ZNe(z, d)23Na stripping reaction of  the state 
at 4431 keV which suggests Niisson orbit 6 for this state. The (d, z) pick-up reactions 
leading to ZaNa or aSNa populate the energetically lowest 3 + states at 2391 keV 
[ref. ~)] or 1068 keV considerably stronger than the other ½ states. This result suggests 
that the energetically lowest 3 + states in ZaNa and 25Na are the band heads of Nilsson 
orbit 6 contrary to the assignment of Dubois 5). Assumed excitations in Z*Mg or 
26Mg into orbit 9 will not explain the observed behavior. It is not clear yet how this 
apparent discrepancy can be solved. It is also worth adding that the shell-model 
estimates for the spectroscopic strengths of the three 3 + states in 25Na (see table 3) 
agree very well with an assumed sequence of states based on Nilsson orbits 6, 9 and 11. 

The spectroscopic strength, though underestimated in the present experiment, of  
the transitions in z 5Na to the negative-parity states at 3995 keV and 5190 keV suggests 
that they are the band heads of Nilsson orbits 4 and 2 with J~ = 3-  and ½-, respec- 
tively. Another 3 -  state and two ~-- states at higher excitation energies are well 
accounted for. 
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6. Conclusions and summary 

The proton pick-up reaction 26Mg(d, z)25Na has been used to investigate the 
nuclear structure of the deformed nucleus 25Na. The measured angular distributions 
show good agreement with the predictions from the distorted-wave theory. The agree- 
ment is improved considerably if couplings to inelastic channels in the initial and 
final nuclei are included by using the approximate procedure of Kunz et  al. ~ ~). 
Spectroscopic factors have been extracted and were found to be quite sensitive to 
the details of the calculations, particularly for l = 0 transitions. For weaker transi- 
tions in reactions on deformed nuclei, spectroscopic factors may be uncertain by a 
factor of 2. Most spectroscopic factors from the present work agree well with those 
from other experimental work ~' 9). Good agreement exists with shell-model predic- 
tions 3) based on a truncated ld~-2s~ space. The comparison with predictions from 
the Nilsson model, though hampered by the apparent lack of band-mixing calcula- 
tions, shows reasonable agreement except for the spectroscopic strengths leading to 
the three ½+ states. 

Thanks are due to K. T. Hecht for the careful reading of the manuscript, to P. D. 
Kunz for making available the computer code DWUCK, and to J. D. Jones for help 
with the use of his neutron activation equipment. 
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