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The measurement and analysis of the differential cross sections for 
+ 24 

the elastic and inelastic scattering to the lowest 2 states of Mg and 
oo 24 28 208 
Si using Mg and Si beams in conjunction with Pb targets are 

24 
reported. The incident beam energies were 145 MeV for Mg and 162 MeV 

28 
for Si. The measured cross sections were analyzed using coupled 
channels calculations assuming a rotational model description for the 

24 28 low-lying collective states of Mg and Si. The coupled channels 

calculations are compared with polarization potential calculations in 

which the experimental B(E2) values are used in both cases. The 

extracted deformation lengths and deformation parameters are compared 

to those obtained using similar data with light projectiles, although 

because of strong Coulomb excitation the present calrulations are fairly 

insensitive to the nuclear deformation parameters. 

Key Word Abstract 

Nuclear reactions 2 0 8Pb( 2 4Mg, 2 4Mg), 2 0 8Pb( 2 4Mg, 2 4Mg*) Q = -1.37 MeV, 

E = 145 MeV; 2 0 8Pb( 2 8Si, 2 8 S i ) , 2 0 8Pb( 2 8Si, 2 8Si*) Q = -1.78 MeV E = 162 MeV, 

measured a(Q), 6. , • 20-120 ; optical model calculations including polar

ization potential, coupled channels calculations, extracted deformation 

parameters. 



I. INTRODUCTION 

In the last decade there has been an increased interest in nuclear 

heavy ion inelastic scattering measurements and the extraction of ni'̂ lear 

deformation parameters from these data. Investigations of inelastic 
O/ OR 

scattering from Mg and Si using strongly interacting projectiles 

ranging in mass from A = 1 - 16 have shovm that (a) the nuclear potential 

and charge deformations for these nuclei are essentially equal within 

the validity of the rotational model; (b) the effects of the finite pro

jectile size, A, in the extraction of the nuclear potential shape can be 
8—9 accounted for geometrically using a simple model proposed by Hendrie. 

In the present work we have investigated the scattering and excitation 
9A 28 208 

of Mg and Si when they interact with a very heavy nucleus, Pb. 
208 In these cases the "projectile" size (i.e. the size of the Pb) is 

twice that of the nucleus being excited and the Coulomb interaction is 

very strong, making the effect of Coulomb excitation extremely important 

in the measured cross sections. The effects of Coulomb and nuclear 

excitation on the elastic cross sections are investigated using an 

optical model which includes a polarization term in the imaginary poten

tial and both elastic and inelastic cross sections are calculated 

using coupled channels calculations (CC) based on a rotational model 
24 28 description of the low-lying states of Mg and Si. The experimental 

details are given in Sec. II, the polarization potential and CC calcu

lations are described in Sec. Ill, the extraction of the deformation 
24 28 parameters for Mg and Si and their dependence on "projectile" size 

are discussed in Sec. IV and the results and conclusions of the present 

study arc summarized in Sec. V. 



II. EXPERIMENTAL PROCEDURE 

28 28 — 

The Si beam was obtained from the ANU sputter ion source as Si 

and was accelerc^d using the 14UD tandem Van de Graaff accelerator. The 

ions were stripped twice. The first stripping occurred at the terminal 

and the second stripping occurred at a distance down from the terminal 

of one-third the length of the high energy tube. The energy selection 

magnet was set to allow transmission of the 1 •+ 9 -»• 12 beam through 

to the scattering chamber. A beam intensity of 40-60 nA was obtained. 
24 The Mg beam was obtained in a similar manner except that only single 

stripping at the terminal was employed. The energy selection magnet was 

set to allow transmission of the 10 beam to the target and a beam 
208 2 

curre.it of 40 nA was achieved. The targets consisted of Pb ("40-100 p ;/cm ) 

evaporated onto thin carbon foils. The scattered Si and Mg projectiles 

were detected using the Enge split pole spectrometer and focal plane dete :tor. 

The focal plane detector was operated in the heavy ion mode and therefore 

contributions from the various charge states were added in determining 

the total scattered yield. Typical position spectra gated on the appropriate 

mass window are shown in Fig. 1 for both Mg + Pb. In the case of 
Of Ofift O/i 
Mg + Pb the 1.37 MeV state of Mg is well resolved from the 2.61 Me v 

state of 2 0 8 P b while for 2 8Si + 2 0 8 P b the 1.78 MeV state of 2 8Si is not 
208 completely resolved from the 2.61 MeV state of Pb. Coulomb excitation 

calculations indicate, however, that the excitation of 3 (2.61 MeV) statt 
+ 28 

in Pb is less than 10% that of the 2 (1.78 MeV) state in Si for all th< 

angles studied here. Excitation of the 4 states in either Mg or Si 

was detectable at some angles but in general was quite small. All sij'.nif-

leant charge Ktales; ion Id be detected simultaneously on the focal plane ui Lng 

the present set-up. The relative normalization was obtained using a monitor 
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detector placed at 15° with respect to the beam. The absolute normalization 

was obtained by assuming that the forward angle elastic scattering cross 

sections are pure Rutherford scattering. This assumption appears to be 

strongly valid and the absolute cross sections are accurate to 10Z. The 

measured cross sections for scattering to the ground and lowest 2 states 
OH OA 

in Si a. Mg are shown in Figs. 2 and 3, respectively. Only statistical 

errors are indicated in the figures. The elastic scattering cross sections 

are pure Rutherford scattering at very forward angles (6 £ 4C ), show a 
cm 

slow fall off with angle at intermediate angles (40 s 6 S 80 ) due to the 
cm 

onset of strong Coulomb excitation and finally at backward angles (0 £ 90) 
cm 

the cross sections fall steeply with angle due to the onset of strong nuclear 

absorption processes. 
III. ANALYSIS 

The angular distributions were initially analyzed using an optical 

model potential to which was added an imaginary polarization potential in 

order to account for the strong Coulomb excitation processes which remove 

flux from the elastic channel even for large impact parameters. The 

optical potential plus polarization potential is given by 

U(R) - (V + iW)f(R) + ilmU (R) + V (R) 
P c 

f(r) + 
1 + exp o' 

(1) 
R - r (A*'3

 + A 1 / 3 ) o o t p 

where r is the radius parameter and a is the diffuseness parameter. The 

same geometrical parameters were used for both the real and imaginary 

potentials. The Coulomb potential, V (R), is that of a uniformly charged 
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sphere of radius R and is given by 

Z l Z 2 e Z R 2 

(2) 
Z l Z 2 e 2 

- ¥ ~ R > R c 
The polarization potential U (R) is calculated using the formalism 

of Love et. al. In the present work only quadrupolc excitation is 

considered and the imaginary part of the polarization potential for 
10 quadrupole Coulomb excitation is given by 

ImUp(R) = -[I - f ( ^ ) 2 - l - ^ ) ) K c(R)-f R , R £ 

,4 

W 

RJ 

(3) 
2 W R 

" 3*c D 9 ' R < Rc K c 

where 
Z Z e 2 -H 

K c ( R ) = ^ - - R ^ " 1 <*> 
cm 

The polarization strength, W , is given by 

W = 0.01676 - j ^ B(E2, 0 •> 2)g 2U) MeV fm (!) 

where the reduced mass, u, is in amu, the wavenumber k in fm" and the 

B(E2) in e 2 fm 4 units. 1 0 

In fitting the elastic cross section angular distributions the real 

potential strength V was set equal to 40 MeV, the radius parameter, r , 

which was the same for all potentials was set equal to 1.3 fm. The 
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12 13 polarization potential, W , was calculated using the experimental values * 
2 4 2 4 + 

for B(E2, 0-2), B(F.2) = 420 e fm and 320 c fm for the first 2 states 

in Mg and Si, respectively. Only the Woods-Saxon imaginary well 

strength, U, and the diftuscness parameter, a, were varied to obtain the 

best fits. The best fit values of the parameters are given in Table 1 and 
24 208 the calculated cross sections are shown in Figs. 4 and 5 for Mg + Pb 

28 208 and Si + Pb, respectively. (Note that the cross sections in Figs. 4 

and 5 are plotted on a linear scale). Also shown for the Mg + Pb 

angular distribution is the calculation with the polarization potential, 

U , set equal to zero. For the Mg + Pb the calculated cross section 
P 
describes the data well if the polarization potential is included. This 

shows that Coulomb excitation is important in removing flux at large 

impact parameters (small scattering angles) and produces a considerable 
28 effect on the elastic scattering cross sections. For the case of Si + 

208 
Pb the calculated cross section lies consistently higher than the 

measured cross sections. The effect of Coulomb excitation on the elastic 
28 208 scattering cross section is considerable for the case of Si + Pb 

also, but apparently does not account fully for the decrease from 

Rutherford scattering in the intermediate angular range. This effect 

will be investigated further utilizing the coupled channels calculations. 

The real well-depth V was also varied (together with W and a) in an 

attempt to improve the fits. No significant improvement was obtained. 

What did emerge was that these data are rather insensitive to the real 

potential. 

Real potentials were also generated from the folding model for these 

systems, using the M3Y interaction which has successfully accounted for 
14 the real potential for many other heavy ion systems. As described 

14 24 
elsewhere, densities based upon electron scattering were used for Mg 
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28 208 

and Si , while Negelc's Hartrcc-Fock density was used for Pb . Rather 

than use them directly, Woods-Saxon potentials were obtained which closely 

fitted the folded ones over the range R = 11 to 16 fm which is important 

for the present data. These had r = 1.25 fm, a = 0.63 fm and V = 36.1 MeV 
24 208 28 708 
( Mg + Pb) and 35.1 MeV ( S i + Fb). A phenomenological Woods-Saxcn 
imaginary potential with r = 1.3 fm was added, in the usual way, together 

w 
with the polarization potential U . The imaginary strength W and diffusencss 
a^ were varied to fit the data. Fits were found equivalent to those obtaiied 

24 208 before with W = 174 MeV, a^ = 0.480 fm for Mg + Pb and with W = 206 MeV, 

siy = 0.308 fm for 2 8Si + 2 0 8Pb. 

Arbitrarily varying the strength of the real, folded, potential did 

not result in any improvement, but demonstrated again that the data fits 

are insensitive to the rei.1 potential. Hence we can only conclude that 

the data are compatible with the usual folding model. It would appear that 

higher energies are required before the shielding effects of the long-rang..>, 

absorbing, polarization potential are overcome and the scattering becomes 

more sensitive to the real potential. 

It does seem that the 'nuclear' part of the imaginary potential is 

rather better determined; this part of the potential is required to produce 

the onset of the shadow region, the sudden drop of the cross section below 

the Rutherford value. For example, ?t R * 13 fm, which is close to the strong 
24 absorption radius, the fits to the Mg data consistently demand that 

28 ImU « -7 MeV. The value for Si at R - 13 fm is less well-determined 

but is about -(3 ± 0.5) MeV. These are surprisingly large values; most 

other systems studied, including the not too dissimilar Ne + Pb 

at 131 MeV, yield values of around 1 MeV, although there is a tendency 
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for these to increase as the systems become heavier. Further, because 

of the long-range Coulomb excilition, the strong-absorption radius is 

not very well defined in the present cases. 

At least for the potentials explored here, the imaginary part is 

several times stronger than the real part. This is also in contrast with 

other systems studied, where the two parts are usually comparable near 
I 20 208 the strong absorption radii. For example, the case of Ne + Pb at 
2 131 MeV yields an imaginary potential which is only zz of the strength of 

the real one. 

Coupled channels calculations were carried out for the measured 

elastic and inelastic cross sections using a deformed optical model 

potential of a form appropriate to a model of the target nuclei as 

axially symmetric rotors 

U = -<Vo + iWo)f(R') + Vc(R') (6) 

f ( R , ) " 1 + expKR-lO/a] ( 7 ) 

where R' - R Q ( A ) + S.,(A)Y20(e,<{>) + 64(A)Y/,Q(6,i|>) depends on the polar angles 

(8,<|>) between the nuclear symmetry axis and a point on its surface. The 

undeformed radius R (A) is given as before by 

R(A) = r < A J / 3 + A* 7 3) o o t p 

The symbol A indicates the target size. To lowest order in A/R 
o 

both R and the deformation lengtha 6„(A) and 6,(A) are independent of 

A. The nuclear deformation S~ is obtained from 6-(0) « g"r A . 
2 2 2 o p 

The Coulomb potential in eq. 6 is generated from 

p(R\6) - p o R' <, Rc(6) 

0 R' > R (0) c 

C8) 



1/3 c where R (0) = 1.2A ' 11 + &2 Y 2 Q(e,*)] and the charge density is normalized 

to Z e. The parametrization of R by A rather than by (A + A ) 

has been shown to yield a better description of the double-folded Coulomb 

potential of two heavy ions. 

The coupled-channels calculations were carried out using the same 

optical model parameters as used in the polarizaLion potential calcu

lations except that ImU = 0. Initially only 0 - 2 coupling with a qund-

rupole deformation was considered (i.e. S, - 0). The charge deformation 

parameters, 8 2, of eq. 8 were chosen to be consistent with B(E2t) value:; 

which are related to charge densities by 

[B(E2+)] 1 / 2 = /p(R ,,6)R 1 / ZY 2 0(e,*)dR' 

The B(E2 ) values used were the same as used in the polarization 
c 24 

potential calculations. Eqs. S and 9 lead to 6- = 0.498 for Mg and 
_ Oft 
fL = 0.466 for Si. The coupled-channels calculations used the code 

18 EClS with 250 partial waves and radial integrations were carried out to 

50 fm to account properly for Coulomb excitation. In order to test for 

convergence of the calculations, an additional calculation using the same 
28 208 parameter set was carried out for Si + Pb using 300 partial waves 

and integrating out to 70 fm. For angles greater than 0 -35 the two 
cm 

calculations were the same to better than .1%. Because of the large 

expense involved in performing CC calculations, for the most part the OM 

parameters were kept fixed. Calculations were made for a few values of 

8- in an effort to try to optimize the fits to the 0 and 2 cross 
28 208 sections. In addition, for the Si + Pb cross sections the imaginary 

well depth, W, was varied in order to try to improve the fits to the 

cross section data. These calculations are shown in Figs. 1-2 and 5-8 
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ind are discussed below. In order to investigate the effect of hcxadccapolc 

<lvform.itiuii mi the calculated cross .-;«.-ctions a fit with S_ * .13 and B. • -.05 
24 208 was performed for Hg -r Pb. This calculation is shown in Pig. 11. 

IV. RESULTS 

The optical nodel. which includes the polarization potential of eqs. 
3-5, yields a reasonably good fit to the measured elastic scattering 
cross sections when the experimental values for B(E2) are used to calcu
late W . This is evidence of the fact that the main cause for the slow 

P 

lall off from Rutherford scattering in the intermediate ingular range, 

40 < 6cm < 80, is due to removal of flux from the elastic channel by 

Coulomb vxcitation of the lowest 2 state. If the inelastic scattering 

to the lowest 2 state is explicitly included in a coupled channels 

calculation, then in principal, the sane optical model potential used 

above with the polarization potential set equal to zero should yield a 

reasonable description of the elastic scattering cross sections if 

Coulomb excitation is the dominant mechanism for removing flux from the 

elastic channel at large impact parameters by population of the lowest 2 

state. The ability of the CC calculations to describe the elastic 

scattering cross sections, especially in the intermediate angular range, 

is a good indication of the effectiveness of the polarization potential 

in simulating the effect of long range absorption on the elastic 

scattering cross sections. 
24 208 For the case of Mg + Pb scattering the optical potential of 

Table 1 with U * 0 was adopted in the coupled channels code and calcu

lations were carried out for various values of 6, ranging from 0.0 to 

0.30. Calculated cross sections for values of &" * 0.0, 0.15 ami 0.23 

shown in figures 2, 5 and 6, respectively. In all these cases fi. » 0. 

http://lvform.it


In general, the calculated cross sections, both the elastic and 

inelastic, are similar in shape to the measured cross sections. The 
-f + 

calculated 2 cross sections are larger in magnitude then the measured 2 

cross sections in the angular range from 6cm = 70 - 100 . For the case 

of 3" = °*° (i«e. only Coulomb excitation of the 2 state) the best fit 

is obtained to the elastic scattering cross section and the worst fit is 

obtained to the 2 cross section. As 3 ? is increased the magnitude 

of the calculated 2 cross section decreases in the angular range 9 = 

40 - 100 and yields a slightly better description to the measured 2 

cross section but the fit to the elastic cross section deteriorates at 

the backward angles. As 8,, is increased to values greater than .2, too 

much structure appears in the 2 cross section at backward angles and 

the fit to the elastic cross section continues to worsen. The best 

overall description to both the elastic and inelastic cross sections is 

obtained for 3 2 = .15. From the present analysis we cone lude 3^ - .15 ± .C7 

where the large error arises from (a) neglect of the effects of hexadecapo]e 

coupling (i.e. g, » 0 in the present calculations) and (b) the fact that 

the contribution from the nuclear potential to excitation of the ? state 

is small relative to the contribution of Coulomb excitation and therefore 

is very insensitive to the precise value of g„. Using the approximate sealLng 
9 rule of Hendrie 

62 (A) - 62 (0) (10) 

we can relate the potential deformation 3_ to the intrinsic deformation 

of 2 V 6f»S. 

°- r. < 4 / 3 * *; / 3> • • > *„ *in <»> 

10 



2 A M K yields a value of B- = .45 ± .24 in agreement with the results obtained 
9 by Thompson and Eck from the analysis of the scattering of projectiles 

ranging in mass from A = 1-16 from Mg. 
28 208 For the case of the Si + Pb scattering cross sections, initial 

attempts to describe the data using the procedure outlined above (i.e. 

using the optical potential of Table 1 with W = 0) resulted in limited 

success. Calculations for 3, = 0.0, -.08 and -.15 are shown in Figures 

3, 8 and 9, respectively. The best fit to the elastic scattering cross 

section is obtained by 3* = 0.0. Decreasing 3~ improves the fits to the 

2 cross sections but causes serious descrepancies between the measured 

and calculated elastic cross sections in the backward angle region. In 

order to counter this tendency of the calculated elastic cross section to 

fall with decreasing 3~» the imaginary potential W was reduced. Reducing 

W and 3~ allowed reasonable fits to be obtained to both the elastic and 

inelastic cross sections although the justification for this procedure is 

not really clear. The best fit obtained using this procedure is for W = 

75.00 MeV and 3- = -.08 and is shown in Fig. 10. Because of the ambiguity 

in 3 2 and W it is difficult to determine 3- from the present work for 
28 n 
Si, however, the best estimate is B_ • -.08 ± .08 which using eq. 11 

28 ^Si 
yields the intrinsic deformation of Si as g, - -.24 ± .24. The best 28 Si value of $2 obtained here is lower than the value obtained by Thompson 

and Eck (3 2 = .50 ± .07) but considering the large error in the present 

measurement is consistent with their value. 

In order to evaluate the effect of the neglect of hexadecapole 
24 208 coupling in the above calcualtions the cross sections for Mg + Pb 

were calculated using the same optical model of Table 1 and 3 2 • *15 and 

3, - -.05. This calculation is shown in Fig. 11. By comparison with Fig. 6 

11 



it can be seen that the effect of 6, on the calculated cross sections is 

small and only changes the 2 cross section slightly in the angular range 

0 = 80" - 110 . Been use of the extremely high computing costs these 

calculations could not be pursued. The data presented here are available 

in tabulated form to those persons who might be interested in attempting a 

more thorough analysis. 

V. CONCLUSIONS 

Angular distributions for scattering to the ground and first excitpd 
•>+ .. . c 24„ . 28t,. . , t. 24K, ^ 208„. 
2 states of Mg and Si were measured for the Mg + Pb system at 
24 28 28 28 

E( Mg) = 145 MeV and for the Si + Pb system at E( Si) = 162 MeV, 

respectively. Calculations using an optical model in conjunction with a 

polarization potential yielded a good description of the experimental 

cross sections and indicated the importance of Coulomb excitation in 

removing flux from the elastic scattering channel. Coupled channels 

calculations of both elastic and inelastic cross sections yielded a 

satisfactory overall description of the data but did not lit the details 

of the measured cross sections in any consistent way. Part of the reason 

for the inadequacy of present calculations can be attributed to (a) 

insensitivity to the nuclear deformation because of the strong contri

bution from Coulomb excitation and (b) the lack of any extended searching 

on the calculational parameters due to the excessive computing costs. 
24 28 Intrinsic deformation parameters for Mg and Si, obtained from scaling 

the potential deformation parameters of the coupled channels calculations, 

were consistent with previous work although the errors of the present work 

make a detailed comparison impossible. 
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TaMc i 

Optical model parameter sets used in polarization potential and coupled 
channels calculations. 

E t . (MeV) V(MeV) W(MeV) r (fm) a(fm) W (MeV-fm5) oD(mb) 
lab o p K 

2 4Mg + 2 0 8 P b 145 40.0 188.0 1^3 .481 4.91x10* 2060 

2 8Si + 2 0 8 P b 162 40.0 152.0 1.3 .361 2.39x10* 1095 

NOTE: Parameters in italics were initially fixed and not varied in any of the 
optical model fitting procedures. 
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FIGURE CAPTIONS 
24 208 Position spectra gated on projectile mass for Mg + Pb at 

0, . = 80° and E. . = 145 MeV (top) and 2 8Si + 2 0 8 P b at 6. . •= 90° lab lab r lab 
and E. , = 162 MeV (bottom), lab 

Elastic and inelastic scattering angular distributions for the 

Mg + Pb system at E = 145 MeV. The elastic scattering 

is shown as the ratio-to-Rutherford a~d is given by the left 

hand scale while the inelastic cross section is plotted in units 

of (rab/sr) and is shown by the right hand scale. The measured 

cross sections are indicated by the dots. The solid curves are 

coupled channels calculations using the optical model parameters 

of table 1, the experimental value of B(E2) and for a value of 

the nuclear deformation parameter, 8_ = 0.0. See text for details. 

Elastic and inelastic scattering angular distributions for the 
28 208 

Si + Pb system at E. , = 162MeV. The elastic scattering is 

shown as the ratio-to-Rutherford and is given by the left hand 

scale while the inelastic cross section is plotted in units of 

mb/sr and is shown by the right hand scale. The measured cross 

sections are indicated by the dots. The solid curves are coupled 

channels calculations using the optical model parameters of 

table 1, the experimental value of B(E2) and a value of the 

nuclear deformation parameter, 8 2 * 0.0. See text for details. 
24 208 Elastic scattering angular distribution for Mg + Pb at 

Ej , - 145 MeV plotted on a linear scale as the ratio-to-

Rutherford scattering. The measured cross sections are indicated 

by dots. The solid curve is the optical model fit including 
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the polarization potential calculated using the parameters of 

table 1. The dashed curve is the same optical model calculation 

but docs not include any polarization contribution (i.e. U = 0 ) . 

See text for details. 

28 208 

5. Elastic scattering angular distribution for Si + Pb at E. . 

= 162 MeV plotted on a linear scale as the ratio-to-Rutherford 

scattering. The measured cross sections are indicated by dots. 

The solid curve is the optical model fit including the polarization 

potential calculated using the parameters of table 1. See text for 

details. 
6. Couple! channels calculations of the elastic and inelastic angular 

24 208 distributions for the Mg + Pb system at E. . = 145 MeV using 

the optical model parameters of table 1, the experimental value 

of B(E2) and a value of the nuclear information, f$_ = 0.15 are 

shown by the solid lines. See text for details. 

7. Coupled channels calculations of the elastic and inelastic angular 

distributions for the Mg + Pb system at L . • 145 MeV using 

the optical model parameters of table 1, the experimental value of 

B(E2) and a value of the nuclear deformation, 3_ - 0,23 are shown 

by the solid lines. See text for details* 

8. Coupled channels calculations of the elastic and inelastic angular 
28 ^08 distributions for the Si + " Pb system at E. . • 162 MeV using 

the optical model parameters of table 1, the experimental value of 

B(E2) and a value of the nuclear deformation parameter, B_ * -.08 

are shown by the solid lines. See text for details. 

1* 



9. Coupled channels calculations of the elastic and inelastic angular 

distributions for the Si + Pb system at E.. . = 162 MeV using 

the optical model parameters of table 1, the experimental value 

of B(E2) and a value of the nuclear deformation parameter, 

6 2 = -0.15 are shown by the solid lines. See text for details. 

10. Coupled channels calculations of the elastic and inelastic angular 
28 208 distributions for the SI -i Pb at E 1 fe = 162 MeV using the 

optical model parameters of table 1 with the exception that 

W = 75 MeV, the experimental value of B(E2) and a value of 

B_ = -0.08 are shown by the solid lines. See text for details. 

11. Coupled channels calculations of the elastic and inelastic angular 
24 208 distributions for the Mg + Pb system at E = U 5 MeV using 

the optical model parameters of table 1, the experimental value of 

B(E2) and the nuclear deformation parameters 8_ = .15 and 3, = -.05 

are shown by the solid lines. See text for details. 
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