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ABSTRACT 

Cross sections of the 20Ne(n,p)20F reaction at En = 198 MeV were measured 

at five angles at the TRIUMF charge exchange facility. This measurement was 

made possible by the development of a new segmented high pressure gas target. 

A multipole decomposition was done to extract the AL=O, AL=l and AL22 

contributions to the spectra. The Gamow-Teller strength, B(GT), which is directly 

proportional to the cross section of the AL=O contribution at q=O,  was found for 

both individual states and the total spectrum. The extracted GT strength is 

compared with that predicted by recent large basis shell model calculations using 

both free nucleon and effective operators. The difference between the measured 

B(GT) and that calculated with free nucleon operators ('quenching') has been the 

subject of much recent study in the sd shell and other mass regions. In the region 

E,=0-7.5 MeV in 20F there is no net quenching seen even though the calculations 

do not accurately reproduce the experimental strength distribution. These results 

are compared with recent (p,p') and (p,n) measurements. The resulting B(GT) 

is also compared to the related magnetic dipole strength in 20Ne , B(Ml) ,  found 

from photon and electron scattering, to examine the importance of the spin-orbital 

interference in the M1 matrix element. This interference enhances the B(M1) of 

the 11.2 MeV, I+ ,  T = l  state in 20Ne by a factor of five. The systematics of 

quenching may lead to direct evidence for meson exchange currents in nuclei once 

the systematics of the spin-orbital interference is determined across the full sd 

shell. This research is part of such a survey being undertaken at TRIUMF. 
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Chapter 1 

Introduction 

At the very center of every atom, just where we expect to find simplicity, there 

is great complexity. The atomic nucleus has a very rich and intricate structure. 

Since the discovery of the nucleus in 1911, much work has gone into understanding 

its structure, but this has been hampered by two problems. The first is that there 

is no complete theoretical description of the force between the constituents of the 

nucleus, the nucleons. There is a large body of nucleon-nucleon (NN) scattering 

data, but no theoretical interaction can accurately and consistently reproduce it. 

The second problem is that the nucleus is a strongly interacting, quantum many- 

body system, and there are no mathematical techniques to deal with such a system 

exactly. Simplifying models have been made with varying degrees of success. 

Since the late 1940's the nucleus has been treated in a way analogous to the 

atomic shell model. Each of the nucleons is assumed to move independently in 

a specific orbital of a central potential. The nucleus has no physical source of 

a central potential, as an atom does, but an effective central potential comes 

about from the average force of all the other nucleons. Calculations typically 

assume the effective central potential to consist of harmonic oscillator and spin- 

orbit potential parts. The nucleons fill the orbitals, starting with those of lowest 

energy, with the Pauli principle allowing only one nucleon per orbital. The shell 

structure is a result of the large difference in energy between states of different 

principle quantum number. More realistic shell models include a residual two- 



body interaction between the nucleons. TO first order, nucleons in the filled shells 

or 'core' can be ignored in calculations because the Pauli principle restricts the 

possible final states of scattering to the unfilled states at high excitation energies. 

However, the nucleons in unfilled shells can interact, resulting in a 'mixing of 

states' in the open shell. 

The nuclear shell model is surprisingly good at explaining binding energies, 

energy level schemes and other nuclear properties, especially for low A nuclei, 

but clearly it must have its limitations. Finding the region of validity of the 

shell model and understanding why it fails has proven to be fertile ground for 

investigation. One way of testing shell model wavefunctions is to check how well 

they predict the strengths of and y transitions. The simplicity of the operators 

in these transitions means that the strengths directly probe the wavefunctions of 

the initial and final states of the nucleus. 

Beta decays and M1 Transit ions 

Nuclear P decays provide an ideal laboratory in which to investigate nuclear 

structure. In p- ( p f )  decays the weak interaction induces a nuclear transfor- 

mation which is accompanied by the emission of an electron (positron) and an 

anti-neutrino (neutrino). The simplest example is the P decay of the neutron: 

The transformation changes the charge of the nucleus by Z -t Z f 1 which is 

equivalent to a unit change in the third component of isospin, Tg (or T,), and is 

therefore an isovector transition. Because the weak interaction is well known at 

this level, /3 decays can be used to study nuclear wavefunctions. 

Two common types of P decay are known from selection rules. The first type 

is the 'Fermi' transition in which the nucleus undergoes no change in total angular 

momentum, J. 



A J=-0 (A L=A S=O) Fermi Selection Rule 

The second type of transition involves a unit change in total angular momentum 

of the nucleus and is called a 'Gamow-Teller' (GT) transition. 

A J = &I,  0 (no0 -+ 0) GT Selection Rule 

The parity of the nucleus does not change in either type of transition. The different 

selection rules are the results of the different couplings of the spins of the emitted 

electron and anti-neutrino. In other types of /I decay, the so called 'forbidden' 

decays, the emitted ,4 and v can carry off orbital angular momentum as well as 

spin. The matrix elements of the nuclear parts of the Fermi and GT transitions 

are 

where i and f denote the initial and final nuclear states including spin and isospin, 

tS (t-) is the isospin raising (lowering) operator and a is the Pauli spin operator. 

The sum is over all the nucleons in the nucleus. The strength of a /I decay is 

defined as 

B(F)  = 

where J; is the spin of the initial nucleus. These strengths are usually in units 

such that B ( F ) = l  and B(GT)=3 for the decay of the neutron. 

Beta decay strengths for specific transitions can be found experimentally from 

the partial half-life of the decay (the half-life due to that branch of decay) and the 

energy spectrum of the emitted electrons or positrons. The relation is 



where g~ and gv are the weak interaction axial-vector and vector coupling con- 

stants, and 
K -- - 6166 f 2 sec 

(sv l2 

and f is a phase space factor, t is the partial decay half-life and K is a constant 

[BW 851. 

All the Fermi strength in the decay of a given nucleus is found in one transition. 

The total Fermi strength is given by 

where Ni (2;) is the number of neutrons (protons) in the parent nucleus. Whereas 

all B(F) is found in one transition, the GT strength is fragmented and much of 

it is outside the energy window of nuclear ,B decay [Ike+ 631. The spin-dependent 

residual interaction spreads out the G T  strength over several states. The total GT 

strength in a nucleus however obeys a sum rule [Gaa +80]. 

where the GT* operators are given in l . lb ,  and the sum is over all final states. 

Gamma decays can also be used to investigate nuclear wavefunctions. The 

simplest y decay is the magnetic dipole (MI) transition involving states of the 

same parity which has an operator very similar to the GT operator. The selection 

rule for M1 transitions is 

AJ= kl,O no 0 4 0 MI Selection Rule 

The M1 matrix element contains pieces from the matrix elements of the spin 's' 

as well as orbital '1' angular momentum operators: 



where s = 0 1 2  and the g's are the spin and orbital g-factors for free-nucleons 

and the sum is over all nucleons. For isoscalar transitions gs=0.880 and gl=0.500, 

while for isovector transitions gs=4.706 and gI=0.500. MM1 has both isoscalar 

and isovector parts and the total matrix element is simply the sum. For strong 

transitions the MI matrix element is dominated by the spin-flip isovector piece. 

The strength is defined as 

Magnetic dipole strengths are given in units of nuclear magnetons squared (p&) .  

The major difference between the M1 and GT matrix elements is the orbital term 

which can interfere with the spin term. Another difference is found in the rela- 

tivistic structure of the currents in the operators. The GT operator couples to 

axial-vector currents while the MI couples to vector currents. 

It is observed that /? and y decay strengths in nuclei are systematically less 

than those predicted by shell model calculations [BW 88,Tow 871. This so called 

'quenching' of strength has been the subject of much theoretical and experimental 

work. This is especially true in the sd shell (160-40Ca) where a new universal 

interaction is expected to give good nuclear wavefunctions because of its success 

in reproducing experimental energy levels [Wil 841. In sd shell nuclei typically only 

60% of the predicted strength is seen. This is consistent with a value of IgA/gVlejf 

z 1.0 in a nuclear medium. The different possible mechanisms of the quenching 

involve additional nuclear and sub-nuclear degrees of freedom, including meson 

exchange currents (MEC), which will be discussed in section 2.1. 

Since much of the G T  strength in a nucleus is inaccessible to /? decay, complete 

studies of B(GT) must be done in other ways. Recently it has been found that 

inelastic nucleon-nucleus scattering at intermediate energies, with charge exchange, 

is a good probe of /? decay strength, seeing strength up to high excitation energies 

[BE 871. 



1.2 Charge Exchange React ions 

The discovery of the Isobaric Analog Resonance (IAR) (T=T, #O, AS=O, AL=O) 

in 1961 by the 51V(p, n)51Cr reaction at E, = 14.5 MeV gave the first indication 

that the isospin dependent structure of nuclei could be seen by N-nucleus scattering 

[AW 611. The IAR contains almost all of the Fermi transition strength. Later, as 

higher energies became available, the resonance corresponding to the Gamow- 

Teller transitions (GTR) (AT=l,  AS=l, AL=O) was discovered, also by the (p,n) 

reaction [Doe+ 751. 

The (p,n) reaction at intermediate energies came to be used in different ways. 

The first was to study the components of the nuclear interaction at intermediate 

energies. The great selectivity of the (p,n) reaction picks out only the central 

isovector spin-flip 

C VaT(rip)fli . apTi  ' ( 1 . 8 ~ )  

and non spin-flip 

V: ( r i p ) ~ i  rP 

pieces of the interaction at low momentum transfer, q. Here a; is the spin opera- 

tor acting on the i th  nucleon in the nucleus and a, is the spin operator acting on 

the projectile nucleon, and the T'S are the isospin operators (r=2t). If a known 

state can be identified from excitation energy, it can be found whether the tran- 

sition involved is of the spin-flip type. If both Fermi and GT transitions can be 

resolved, the relative strengths can be compared in the same nucleus. From such 

experiments it was found that at intermediate energies the spin-flip piece of the 

interaction V,, is larger than the non spin-flip piece V,, by as much as a factor 

of ten [Alf+ 86bl. One also finds that over the region 150-500 MeV the central 

isovector spin-flip piece of the NN interaction is quite flat so 0' cross sections can 

change very little with bombarding energy [Wat+ 891. 

Other studies with the (p,n) reaction have shown a relationship between (p,n) 



cross sections and B(GT) and B ( F )  for specific transitions [Tad+ 871. 

where &&-(A,  E,) is the proportionality constant, F(q, w) is a form factor such that 

F(q,w) -+ 1 as q , w  -+ 0 and w is the total energy loss w = Q - E,. This is not 

unexpected because the central isovector terms of the nucleon-nucleon potential 

responsible for the low q non spin-flip and spin-flip isovector transitions (1.8a and 

1.8b) are closely related to the Fermi and GT P decay operators ( l . l a  and l . lb) .  

The (p,n) reaction induces the same transitions as ,B decay but they can also, in 

principle, see all the GT strength in a nucleus because the energy constraints are 

removed. By measuring the cross section of a known transition it's proportionality 

to B(GT) or B ( F )  can be empirically determined. This proportionality was found 

to depend on A and smoothly on E,. The relationship between a,, and B(GT) has 

also been studied theoretically within the framework of the distorted wave impulse 

approximation (DWIA) description of charge exchange reactions (see section 2.2). 

The (p,n) reaction sees only the strength of transitions analogous to those 

involving /?- operator (GT-). The related (n,p) reaction can be used to probe the 

/?+ strength (GT'). Both are needed to test the GT sum rule (1.5). For N=Z 

nuclei the (n,p) reaction probes the same strength as the (p,n) reaction. For N>Z 

nuclei the (n,p) reaction is even more selective than the (p,n) reaction because for 

target nuclei with ground state isospin of To = (N - 2) /2  only states of isospin 

T=To+l are populated. Since the (n,p) reaction is related to the P+ decay it can 

also probe strengths of more general interest such as those which are important 

for ,B,B decay and weak processes in supernovae. 

Spin-isospin excitations in nuclei can been studied by other probes. The ( T - ,  y) 

reaction has been used to probe isovector excitations, especially in the p shell, 

but are limited by having inherently large momentum transfer and low particle 

emission threshold. The (p,pl) reaction at low q has also be used and whereas the 

resolution in such studies is generally good enough to resolve individual states, 



this reaction lacks the selectivity of charge exchange reactions. The cross sections 

of the three nucleonic reactions for the analog transition are related by a Clebsch- 

Gordan coefficient, so that for T;=O and T f = l ,  a,, = a,, = 2app. Both electron 

scattering at 180' and (y,yl) reactions can probe the related isovector magnetic 

dipole transition strength. The transitions seen by the different probes are shown 

in figure 1 . l .  

1.3 Experiment 474 

A survey has begun at TRIUMF to measure B(GT) in sd shell nuclei using the 

(n,p) reaction at intermediate energies to study the systematics of quenching in the 

sd shell. The B(GT) is also compared with B(M1) extracted from high resolution 

(e, el) to gain insight into the role of orbital and MEC contributions to the M1 ma- 

trix element [Ric 891. Calculations using the universal sd shell interaction predict 

the interference between the spin and orbital terms is strongest low in the sd shell 

[KM 831. Other calculations predict that the contribution from MEC does not 

vary much across the shell [Bro 871. In "Ne the interference pushes almost all of 

the MI strength into a single state at 11.26 MeV while the Gamow-Teller strength 

is spread over several states between E,=0-10 Mev in 20F . Bendel e t  al.have 

measured the B(M1) in 20Ne by (e, el) and see that it is indeed in a single peak 

[Ben+ 711. A recent (p,pl) experiment has measured the GT strength in "Ne, but 

was hampered by contamination from the windows, and the inability to distin- 

guish between T=O and T = l  states unambiguously [Wil+ 871. The (p,n) reaction 

was also used to measure B(GT) in 'ONe with results forthcoming [And 891. 

TRIUMF experiment 'E474' measured cross sections of the 'ONe(n, p)20F reac- 

tion at En = 198 MeV for 5 angles from Blab = 0' to 15'. A high pressure (n,p) 

gas target was developed for use in the TRIUMF charge exchange facility for "Ne 

and other gaseous targets. The subject of this thesis is the experimental details 

and the analysis of the results of E474. Chapter 2 discusses theoretical details 



Figure 1.1: Spin-isospin excitations studied with different probes 



of the shel1,model and charge exchange reactions. Chapters 3 and 4 describe the 

TRIUMF charge exchange facility with a detailed discussion of the high pressure 

gas target which was developed for this experiment. Chapters 5 and 6 describe 

the analysis of the data and the extracted results. 



Chapter 2 

Theoretical Considerat ions 

Nucleon-nucleus scattering at intermediate energies can be used to study both 

nuclear structure and nuclear reactions. If either the structure or the reaction is 

well known, information on the other can be found. The shell model is used to 

calculate the wavefunctions for nuclear structure. If the wavefunctions are to be 

investigated the reaction theory must be well known. At intermediate energies N- 

nucleus scattering is well described in the framework of the distorted wave impulse 

approximation (D WIA). 

2.1 Nuclear Structure 

The full nuclear Hamiltonian is 

where i and j label the nucleons, T(r , )  is the single particle kinetic energy operator, 

and V(ri ,r j)  is the two-body NN potential. This many-body problem cannot be 

solved exactly so a model must be made. The shell model assumes that the strong 

two-body interaction, V(r,, r j ) ,  can be approximated as a strong central potential 

plus a weak residual two-body interaction. 



where Hl(ri) = T(r,) + U(ri) is the one-body Hamiltonian, U(ri), the central 

potential and H12(rl, r2)  = V(rl, r2)  - U(rl) is the weak residual interaction and 

is small enough to treat by perturbation theory. 

Calculating the nuclear wavefunction requires the diagonalization of both the 

strong central and the weak two-body interactions. First single particle states are 

found by diagonalizing the one-body Hamiltonian, HI.  This set of states is then 

truncated to include only states in, and sometimes above, the unfilled shell. The 

residual two-body interaction is diagonalized in the truncated basis set, mixing 

the single particle states, to give the many-particle wavefunction. For sd shell 

calculations the new universal sd shell interaction is commonly used [Wil 841. 

It consists of one and two-body interactions, the interaction strengths having a 

mass dependance of < V > (A) =< V > (A = 18)(A/18)-0.3, to include first 

order configuration mixing in the whole 0d512-1~112-0d312 basis. It uses 'model 

independent' parameters consisting of single particle energies and two-body matrix 

elements fit to 447 pieces of sd shell binding energy and excitation energy data. 

It has been very successful in reproducing experimental energy level schemes and 

some weak and electromagnetic data [BW 881. 

Modern shell model calculations are done with computer codes. Modern codes, 

using readily available computer power, can do very large scale diagonalization in a 

reasonable time. One widely used code is OXBASH [Etc+ 851. OXBASH works in 

occupancy number formalism and uses an m-scheme Slater determinant to define 

a basis set for a specific number of particles and a particular J, and T,. Out 

of this basis, states with good J and T are projected and then the Hamiltonian 

matrix is constructed. The Lanczos diagondization scheme is then used to find 

the eigenvalues and eigenfunctions. Transition densities can then be found from 

the final many-body wavefunctions for both one and two-body operators. The 

OXBASH code can be used with a variety of interactions and basis sets. 

Although the universal sd shell interaction can reproduce energy levels well, it 



overestimates the M I  and GT strength by about 30-40%. Additional nuclear and 

subnuclear degrees of freedom have been used to explain the missing strength in all 

mass regions. These include core polarization, A-isobar excitations, and meson ex- 

change currents. Towner & Khanna, Arima e t  al., and Oset & Rho have calculated 

quantitative values for the different contributions [TK 83,Tow 87,Ari+ 88,OR 791. 

The largest corrections affect the strength of the spin operator. 

(i) Core polarization 

Even modern shell models are limited to considering the mixing of states only 

in the open shell. This mixing automatically takes into account the so called 

'first order configuration mixing'. The states in the core shells are assumed to be 

unaffected by the residual interaction. Higher order configuration mixing or 'core 

polarization' (CP) takes into account the excitation of nucleons in the core shells. 

These nucleons can mix with states in and above the unfilled shells at many Fiw 

excitation. The contribution due to CP is calculated using perturbation theory 

with an effective interaction. The effect of CP is to quench the strength of the spin 

operator by spreading it out in a small background at high excitation which would 

be undetectable in current experiments. Towner & Khanna calculated the second 

order core polarization correction for closed-shell-plus (or minus)-one nucleon. The 

calculations of Towner & Khanna and Arima e t  al.predict a large quenching of 

the spin operator in isovector M1 and the GT strength (about 25% for A=39). 

Both sets of calculations show this as the major contribution to quenching. 

(ii) A-Hole Excitations 

The nucleons in the nucleus also have degrees of freedom. An isovector spin-flip 

interaction can couple the nucleon (J=1/2, T=1/2) to the A(1232) isobar(J=3/2, 

T=3/2). This excitation is readily seen in intermediate energy NN and ;rr-N scat- 

tering. The Pauli blocking which reduces much of the strength in neutron rich 



nuclei does not affect the strength of A excitations, because the A has a differ- 

ent set of quantum numbers. Although the direct excitation of the A involves 

higher energy, the N-A coupling might be quite strong. Evidence for the exci- 

tation of the A in low and medium energy nuclear reactions can be sought by 

comparing the quenching of isovector processes with that of isoscalar processes 

[Saw 871. On the theoretical front, the size and direction of the contribution from 

A-hole correlations is a point of present controversy. For example, for the correc- 

tion to the spin operator in GT strength for A=39 Towner & Khanna calculate 

S,(GT)=-0.038 compared to 0.004 from Arima et  al.and -0.15 from Oset & Rho 

(iii) Meson Exchange Currents 

Since the 1930's it has been assumed that the NN force is carried by the exchange 

of mesons (see 2.2.1). This means that the mesons are also constituents of nuclei 

and have an effect on a probe of the nuclear wavefunctions. The MEC is different in 

that it depends on the relativistic structure of the currents in the interaction. For 

GT transitions the currents are axial-vector while they are vector for the isovector 

M1 operator. The corrections to the calculated GT strength come largely from the 

p - T meson exchanges and are small (on the order of q/M where M is the nucleon 

mass). For M1 strength the meson exchange currents are dominated by one-pion- 

exchange and are of order unity. MEC enhance the spin operator strength and 

cancel some of the quenching due to CP and the A. The calculations of Towner 

& Khanna and Arima e t  al.predict that the enhancement of the spin operator in 

the GT matrix element is negligible but in the M1 matrix element it is about 12% 

for A=39. Thus the quenching of B(M1) should be less than that of B(GT). 

A systematic difference between the quenching of B(M1) and B(GT) could be 

evidence of MECs in nuclei. 

The contributions due to the above mechanisms are given in the form of cor- 



rections to the general rank one tensors s, 1, and p where p = ( ~ T ) ' / ~ [ Y ( ~ )  63 s]( l ) .  

The corrections are in terms of additional '6' parameters. Whereas the free-nucleon 

operators are: 

OP(GT, free)  = I ~ A / ~ V  1s (2.3a) 

Op(M1, free)  = gss + grl (2.3b) 

The effective operators are 

Op(M1, e f  f )  = Op(M1, free) + gs[Gs(Ml)s + & ( M l ) l +  6 , (Ml)p]  (2.4b) 

The M I  operator has both isoscalar and isovector parts, but the GT operator is 

purely isovector. 

The above definitions and parametrizations are those of Brown & Wildenthal, 

who have found empirical values for the parameters by fitting existing sd shell weak 

and electromagnetic data to the effective operators [BW 871. The empirically fit 

corrections are compared to the calculated corrections of Towner & Khanna and 

Arima et  al.for A=39 in fig 2.1. In principle the corrections should be done 

to a many-body wavefunction, but analysis shows little need for them if a mass 

dependence of & ( A )  = S(A = 28)(A/28)0.35 is included. Some of the empirically fit 

parameters match the calculated ones reasonably well, but not all. The empirical 

operators can be used in conjunction with the universal sd shell interaction to 

calculate B(GT) and B(M1) .  The testing of these predictions can give insight 

into the causes of quenching in the sd shell. 

2.2 Nucleon-Nucleus Scattering 

At intermediate energies N-nucleus scattering is best described in terms of the 

DWIA. The impulse approximation implies that N-nucleus scattering involves the 

incident nucleon interacting with only one target nucleon. The scattering is me- 

diated by the free NN interaction. The total nucleus only distorts the incoming 
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and outgoing waves. The DWIA simply factors the scattering into a reaction part, 

which has the same coupling as free NN interactions, and a nuclear structure part. 

2.2.1 The Nucleon-Nucleon Interaction 

In general the NN interaction is very complex. The physically possible terms in the 

interaction involve Lorentz scalars which are formed from combinations of different 

operators. Of the 18 possible Lorentz scalars, only five are linearly independent 

and invariant under continuous and discrete transformations as is required for 

strong interactions. These five scalars can also be isoscalar and isovector, so there 

are a total of ten possible terms. Ignoring the negligible quadratic spin-orbit term, 

the NN interaction can be written as: 

where L S is the usual spin-orbit operator, with 

1 
S = -(a; 2 + a,) 

Sip is the usual tensor operator, 

and r = r;, the distance between the ith target nucleon and the incident projectile 

p. The NN interaction can be found from physical first principles, a 'microscopic 

interaction', or fit to the experimental data, an 'effective interaction'. 

The underlying physical principle in the NN interaction is meson exchange, 

which is analogous to photon exchange in quantum electrodynamics. Yukawa first 

postulated this mechanism in 1935 giving the range dependent part of the potential 



where p is the range factor which is related to the mass of the meson. Yukawa 

assumed there was one type of meson, and one exchange involved. The pion 

had properties similar to the meson Yukawa expected and one-pion-exchange was 

reasonably successful in describing the long range part of the NN force. 

Not all the properties of the NN interaction can be explained by the exchange 

of only one pion. Most modern microscopic potentials (such as the Paris and Bonn 

potentials) recognize three distinct regions of the interaction: an long range part, 

a medium range attraction and a short range strong repulsion. The interaction in 

each of these regions is due to the exchange of one or more different mesons with 

different types of couplings. At long range the contribution from the pseudoscalar 

pion is large and is mainly an isovector tensor force. The intermediate range 

attraction is largely isoscalar, spin-orbit and is provided by the exchange of the 

hypothetical scalar 'a' meson. While no scalar meson has been found in the 

predicted mass region of the a it is believed that the scalar character comes from 

the exchange of two pions in an s-state. The short range repulsion which is largely 

central is due to the heavy vector mesons, the w (isoscalar) and the p (isovector). 

Although the microscopic potentials have had some limited success, effective 

interactions are still best for reproducing experimental data. One of the most 

commonly used is the Love-Franey effective interaction [LF 81,FL 851. This inter- 

action is parametrized in each NN channel in terms of the superposition of Yukawa 

terms (2.6) for the central and spin-orbit pieces and r2 x Yukawa terms for the 

tensor piece. These parameters are fit to the free NN scattering amplitudes from 

the Arndt phase-shift analysis [AS 841. This is done by converting the scattering 

amplitudes to t-matrices, which are related simply by a kinematic factor, and as- 

suming a finite range form for the interaction. The fits are done at five different 

ranges. The LF interaction is widely used in DWIA calculations. 



2.2.2 DWIA 

If the NN interaction is known, scattering observables can b le calculat ed using the 

DWIA, Cross sections can be calculated using the T-matrix by the standard direct 

reaction formula 

where p is the relativistically reduced energy, the k's are wave numbers, and the 

sum is over all the final nuclear states. 

In the distorted wave theory, the transition matrix is given by 

where X!+)  ( X $ - ) )  is the initial, incoming (final, outgoing) distorted wave of the 

projectile and (QF) is the initial (final) nuclear state. If V,, is expressed in 

momentum space, 

the transition matrix becomes 

where a represents the different pieces of the NN interaction, cu = scalar, r, or, 

tensor, etc. The transition amplitude is now in terms of pieces describing the in- 

teraction, V,(q), the distortions, D,(k, k'; q),  and the nuclear transitions, 

In charge exchange reactions the interactions are purely isovector so, ignoring 

the weak spin-orbit piece, the NN interaction can be written as 

where SiP(q) = [3(ap .  q )̂i - a,] . a ; ,  6 = q/q. At low momentum transfers V:r(q) 

and VF(q) dominate in spin-flip and non spin-flip isovector excitations, while at 

larger momentum transfers (q > lfm-l) the tensor piece, V,(q) ,  dominates the 

spin-flip pieces. 



The distortion factor, D,(k, kt; q) is defined as 

1 
D,(k, k'; q )  = - - 1 -iq.r.op ( )I (+I 

( 2 ~ ) ~  < Xf.k' ff q Xik > 

where Op,(q) is the operator involved in a piece of the interaction (7, or etc ...). 

The distorted waves can be generated using the Schrodinger equation with a com- 

plex optical potential 

where UcOul(r) is a Coulomb potential and UOpt(r) is the complex optical potential 

where UOpt(r) can have scalar and spin-orbit parts. The fis are the shapes of 

the potential well, often the Woods-Saxon forms. The parameters of the optical 

potential are found empirically from elastic scattering data. 

Numerically the distortion factor can be calculated as simply the ratio of the 

cross sections calculated by DWIA for a certain q and energy, and the cross section 

calculated by plane wave theory PWIA, i.e. 

The nuclear transition density, pFI(q), for each operator, is defined as 

pgI(q) =< > . < nlrjp > Fermi Transition (2 .16~)  
i 

p g ( q )  =< PFI o ; ~ , e q " ~  191 > . < nlorlp > GT Transition (2.16b) 
1 

As q +O the transition densities become proportional to the Fermi and G T  matrix 

elements. 

At q = 0 the cross section becomes 

d o  p ki 
-(u d ~  = 0) = ( ; ; i f ) 2 - [ ~ P ~ ~ , ~ 2 ~ ( ~ )  + N,D,IJ,,I~B(GT)] (2.17) kf 



where the NDs are the distortion factors, and J,, and J ,  are the volume integrals of 

the (UT) and (T) components of the NN interaction. The proportionality between 

cross section and ,8 decay strengths is clear. For the (n,p) reaction the cross 

sections are given by 

Using DWIA a theoretical value for 6& can be calculated. 

Recent experimental work at the Indiana University Cyclotron Facility (IUCF) 

and TRIUMF has empirically verified the relationship between cross section and 

B(GT) for both (p,n) and (n,p) reactions for incident energies up to and beyond 

200 MeV [Tad+ 87,Jac+ 881. These results were compared with those calculated 

using DWIA and the theory underpredicts the cross sections by 10-20%. There 

is still much controversy concerning the dependence of 6 on A. Because of the 

importance of the value for quantitatively extracting B(GT) and B ( F )  from charge 

exchange reactions this must investigated. 



Chapter 3 

Experiment a1 Technique 

3.1 The TRIUMF Cyclotron 

The TRIUMF cyclotron is a six-sector isochronous cyclotron which accelerates H- 

ions to energies up to 520 MeV. The energy is continuously variable from 183 to 

520 MeV with 0.1-99.9% duty factor. When operated with a high duty factor 

large currents can be acheved, up to 140pA for unpolarized running and 600 nA 

for polarized. The momentum spread in the beam is typically 0.15%Ap/p which 

corresponds to AE ~ 0 . 6  MeV for E=200 MeV. Two ion sources are presently being 

used, one which produces polarized beam and a second which produces unpolarized 

and two new sources are presently being developed. A 300 keV injection line is 

used to accelerate and inject the H- ions. Protons are extracted by stripping 

two electrons from each H- using a carbon foil. Proton beams are transported to 

two large experimental halls, one for nucleon experiments and the other for pion 

and muon experiments. The different beams are carried through the beam pipes 

at high vacuum and are bent and focussed by a series of dipole and quadrupole 

magnets, respectively. The magnets are 'tuned' for beam transport and focus 

remotely using a series of retractable beam profile monitors located near each 

beam element. Although a theoretical tune can be calculated, instabilities and 

uncertainties in the beam optics require empirical fine-tuning. 

For an achromatic beam tune, the beam is focused to a point at  the target, 



whereas for a dispersed tune the dipole bending magnets transform the momentum 

dispersion to spatial dispersion. This spatial dispersion is necessarily along the 

plane of the benders (the horizontal or 'Y' direction). For dispersion matching to 

the medium resolution spectrometer it is necessary to transform the dispersion to 

be in the bend plane of the spectrometer (the vertical or 'X' direction) which is 90" 

to the plane of the benders. This transformation is accomplished by the 'Twister' 

which consists of six independently variable quadrupole magnets. 

3.2 The Medium Resolution Spectrometer 

The medium resolution spectrometer (MRS) system consists of a quadrupole and a 

dipole magnet located at the end of proton beamline 4B. The set-up can be seen in 

figure 3.1. The quadrupole magnet is located just upstream of the dipole magnet. 

It focuses the beam into the dipole magnet which bends it vertically through 60' to 

a set of four vertical drift chambers (VDCs) located at the focal plane. Above the 

VDCs are a series of scintillators PDo-9 which can be put in the trigger to define 

the active region of the focal plane. Behind these are two consecutive large area 

scintillator paddles S1 and S2. Above the focal plane of the MRS is a polarimeter 

which can measure the polarization of scattered protons or deuterons. Particle 

identification is provided by the time of flight between the front end chambers 

and PDoW9 and by the sum of the energy loss (AEIE) in PDo-9. The solid angle 

acceptance of the spectrometer is about 2.5 msr. Ray-tracing is provided before 

the dipole by a set of front end chambers (FECs) which are located behind the 

target and after the dipole by the VDCs. 

Front end ray-tracing in the charge exchange facility ('CHARGEX') is provided 

by two FECs (FECM and FECB). Each FEC has two pairs of wire planes, one pair 

in the direction of the bend plane ('X' direction), and one pair perpendiculat to it 

('Y' direction). The wire planes consist of sixteen pairs of alternating anode and 

cathode wires which can cover an area of 8 cm by 8 cm. The planes are staggered 



by 112 wire spacing to eliminate left-right ambiguity. To reduce the rates in the 

FECs the active areas can reduced by inserting insulating kapton masks between 

the planes. The FECs have a resolution of <0.5 mm in both X and Y planes. 

The momentum of a particle is determined by measuring its position at the 

focal plane of the spectrometer. The focal plane position measurement is done 

by the VDCs. Four VDCs are used, two in the direction of the bend plane (XI 

and X2) and two at 30' to the bend plane (U1 and U2). Together they can give 

information in X and Y directions. The resolution of the VDCs in the bend plane 

is 150 pm. The VDCs are long in the X direction (30 cm x 105 cm) and allow 

for a large momentum bite ( A p l p  21 .IS) to be measured. 

3.3 The CHARGEX Facility 

The study of charge exchange reactions above 50 MeV has generally explored the 

(p,n) channel. The main facilities for this are at the Los Alamos Meson Facility 

(LAMPF) and IUCF. Both these facilities use neutron time of flight (NTOF) to 

measure the outgoing neutron energy. At TRIUMF NTOF techniques cannot 

be used for charge exchange reaction measurements because of both the beam 

time structure and the limited space. The TRIUMF charge exchange facility 

exploits the high beam intensity to study charge exchange reactions by using a two 

reaction process where one of the reactions is well known. The object is to have 

protons in both the initial and final states where they can be momentum analyzed 

in the existing MRS. Such a setup allows all three hadronic isovector excitation 

channels ((p,n) (p,p') and (n,p)) to be measured at one facility, including the 

only existing facility to measure (n,p) reactions at intermediate energies. Proton 

inelastic scattering, (p,pf), reactions have been measured at TRIUMF for some 

time and small angle spin-flip excitations have been studied using the focal plane 

polarimeter which can measure Snnt, the spin-flip probability, and thus separate 

natural parity (AS=O) from spin-flip transitions (AS=l). The good resolution 



(about 140 keV FWHM) in some cases allows the separation of isoscalar and 

isovector states. 

The charge exchange facility was developed to do studies complimentary to 

the (p,p1) work. Certainly the two charge exchange reactions would not have as 

good resolution as the (p,pl) but this is compensated for by the absence of strong 

natural parity excitations. For the (p,n) measurements a recoil-proton method is 

used, where a proton hits the target of interest and creates a neutron. The neutron 

then reacts with a hydrogen in a secondary target (CH2 or liquid scintillator) at 

low q producing a proton of nearly the same energy which goes on to be momentum 

analyzed in the MRS. For (n,p) reactions a nearly monoenergetic neutron flux is 

produced by the 7Li(p, n) reaction and the outgoing proton is momentum analyzed 

b i  the MRS. Both reactions can be measured with only minor modifications to the 

basic setup. The facility allows measurements of angles from Blab = 0", which is 

import ant for studies of Gamow-Teller excitations, to higher angles which allows 

the study of states with higher multipolarity. 

3.3.1 The (p,n) Mode 

In the (p,n) configuration the (p,n) target (T,,) is positioned at the MRS pivot. It 

is mounted on a six-position target ladder contained in a scattering chamber near 

the poles of a compact sweeping magnet. The proton beam that passes through this 

target is bent by the sweeping magnet through 20" to clean-up quadrupole magnets 

which focus the beam into the ARGUS beamdump which acts as a Faraday Cup for 

beam integration. If the beam is momentum dispersed vertically a thin horizontal 

strip target can be used to pick out a small part of the momentum. This can 

decrease the contribution to the resolution from momentum spread in the beam 

and lead to better overall resolution. This technique has the drawback of increasing 

the beam that goes into the beamdump, which limits the currents that can be run, 

decreasing the (p,n) reaction rate. 



To stop scattered protons from being bent by the sweeping magnet to the 

(n,p) target (T,,), a Tungsten alloy proton blocker is placed in the scattering 

chamber just following the (p,n) targets. At MRS angles larger than 5" additional 

absorbers of copper or lead can be added at the exit of the magnet. Protons which 

still scatter or convert before T,, are detected in a thin veto scintillator (VS) and 

used in the trigger to reject events involving protons. At low currents the VS 

would be sufficient to reject all the charged particles. 

The neutrons from T,, travel 92 cm downstream to a hydrogenous target (Trip) 

which efficiently converts the proton to a neutron using the strong H(n,p) reaction 

at 0•‹, which has a laboratory cross section of 2.53 mb/sr at E,=200 MeV. The 

target is usually in the form of a recoil scintillator which is a 2.54 cm x 2.54 

cm x 6.0 cm glass vessel containing BICRON BC513 liquid scintillator of a large 

hydrogen density. The signal from the scintillator is measured and used to correct 

for the energy loss in it. Alternately the (n,p) segmented box has been used with 

6-CHz targets (see below). The segmentation of this target also allows for energy 

loss corrections. The recoil protons from T,, are then analyzed in the MRS. 

Absolute cross sections are determined by having a 7Li target in the (p,n) ladder 

and measuring the 7Li cross section at each angle under the same conditions. By 

knowing the total beam current for both the target and the 7Li runs the target 

cross sections can be normalized to the known 7Li cross sections [Watf 891. 

3.3.2 The (n,p) Mode 

For the (n,p) configuration the (p,n) target and sweeping magnet are moved 92 

cm upstream and a segmented (n,p) target box is positioned over the MRS pivot. 

A target for neutron production is positioned at (Tp) .  The target used is a foil 

or strip of 7Li. 7Li has a large (p,n) cross section at 0•‹, ( e 3 5 f  3 mb/sr for E,=50- 

400 MeV [Wat+ 891). The (p,n) reaction populates the ground state and the first 

excited state (429 keV) of 7Be and has a weak tail due to the continuum response 



which is about 1% of the integrated peak area per MeV. The width of this doublet 

is a factor in limiting the best possible resolution. The best resolution is found 

using a dispersed beam tune and a narrow 7Li strip and/or a thinner target (110 

mg/cm2). For E474 the major concern was for maximum count rate so a thick 

(220 mg/cm2) 7Li foil was used with an achromatic beam tune. These contribute 

800 and 600 keV, respectively, to the resolution, giving, in quadrature, a total 

resolution of 1.0 MeV. 

From T,, the neutrons travel 92 cm downstream to the center of the (n,p) 

target box where the reactions of interest take place. At the center of the target 

box the neutron flux from a current of I,=500 nA is about 2.4x105 s-I cm-2 if 

the thick 220 mg/cm2 7Li (p,n) target is used. The (n,p) target box is segmented 

to give maximum target thickness with minimum degradation of resolution due to 

energy loss in the target. Since the target layer of the reaction is known the energy 

loss in subsequent targets can be corrected for. The segmentation also allows the 

simultaneous measurement of different targets and rejection of reactions in the 

entrance or exit windows. Such a target box for solid targets has been in use for 

some time and is described elsewhere [Hen+ 871. For E474 a segmented target 

box for gas targets was built and is described in chapter four. 

The target box for solid targets consists of six solid targets (TI to T6) sand- 

wiched between detector planes. There are eight such wire planes. Before the first 

target are two planes Yv and Yvl, which form a double-plane veto, to reject events 

from the front window. Then there are six more planes, one after each target, to 

allow for target identification. Each target is mounted on a wheel that allows for a 

total of three different target stacks to be used. The most common stacks include: 

one with four solid targets of interest followed by an empty target position and a 

CH2 target in the last position for target normalization. The second stack consists 

of six CH2 targets which are used to normalize each individual target position 

taking wire plane efficiencies and position dependent effects (such as different neu- 
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tron flux and acceptance) into account. The third stack is used to measure the 

backgrounds from the wire chambers and the chamber gas. It contains five empty 

target positions followed by a CH2 target to normalize the neutron beam flux. 

The wire planes operate with Ar/C02 (90:lO) at 1 atm. pressure. A chamber gas 

without hydrogen is important because the H(n,p) cross section is large and can 

contaminate the spectra especially at large angles where the hydrogen kinematics 

move the H(n,p) peak across the focal plane. All these innovations were utilized 

when the gas target box was designed. 

After the proton exits the (n,p) target box it travels through the FECs and is 

momentum analyzed by the MRS. 

MRS Electronics 

There are two major parts to the MRS electronics, the trigger and the wire chamber 

readout. The trigger uses programmable LeCroy CAMAC crates that allows users 

to remotely change logic and delays for various inputs. The main trigger may 

be up to 6-fold logic. Included in the trigger is the front end trigger (FETRIG) 

which can incorporate up to four coincidence inputs e.g. from one of the planes of 

FEC0. In CHARGEX running the signal from the veto scintillator is required to 

be absent for a valid event. Also included in the trigger are signals from the VDC 

X1 plane, the Focal Plane Polarimeter scintillators S1 and S2, and the focal plane 

paddles PDo-9, all of which are required in coincidence with the signal from the 

front end trigger. The signal from the master trigger coincidence sets the latch 

which prevents any subsequent signals from altering the TDC and ADC values 

since the TDCs are operated in common stop mode. After the latch is set the 

computer reads the signals from the TDCs and the ADCs. 

The MRS drift chambers are read out by a LeCroy drift chamber decoder sys- 

tem. Each wire from the FECs and VDCs is input directly to a LeCroy 4290 

TDC in a special LeCroy crate which is controlled by a LeCroy 4298 module. The 



signals from the wire planes in the segmented (n,p) target box are put through 

alternating routers which puts the signals alternately into one of two TDC chan- 

nels. Since the TDCs are in common stop mode they have a high 'start' rate, 

so the routers are needed to reduce the inefficiency due to the TDCs (see section 

4.3). For each trigger the electronics checks about 800 TDC channels. The 4298 

module only passes data from the TDCs which fired. This information is passed 

to a LeCroy 4299 module which acts as a buffer. In normal MRS operation the 

computer reads the 4299 and clears the whole 4920 system when the MRS latch 

is cleared. 



Chapter 4 

A High Pressure Segmented Gas 
Target 

Introduction 

In order to study (n,p) reactions on gaseous isotopes it is necessary to have a 

suitable gas target. A segmented target for solids has been used at the TRIUMF 

charge exchange facility for some time [Hen+ 871, but recently a segmented high 

pressure gas target facility has been commissioned [Hen+ 891. Certain constraints 

were placed on the design of this target. First of all it had to fit within the spatial 

constraints of the TRIUMF chargex facility and not reduce the maximum angle of 

the MRS. This restricts the total length to less than 17.5 cm and the use of a thin 

veto scintillator in front of the target restricts it by an additional 2 cm. Next, it had 

to hold gases at a high pressure to maximize target thickness, while not risking the 

loss of the target isotope. The backgrounds from the target box must also be small 

because they limit the smallest measurable cross sections. It was required that the 

target box have positions for solid targets to allow the simultaneous measurement 

of the spectra of solid targets of 'known' cross section. These are used to normalize 

the spectra of the gas targets. With such considerations the present target box 

was designed. 



Target Box Design 

Top and side views of the gas target are shown in figure 4.1. The target box 

was designed for use at 20 atm (294 psi). The gas target box is made of 7.9 mm 

stainless steel using welded construction with a gas flange on the top. The lid is 

made of 1" thick stainless steel and is sealed by an O-ring surface and attached 

to the rest of the box by 12 114"-28 high tensile steel bolts through the lid. The 

entrance and exit windows are 0.020" thick 602 stainless steel. All the components 

were designed to have a safety factor of two except for the lid bolts which have a 

safety factor of 12. The box has been leak tested up to 600 psi. 

The segmented design allows different targets to be used. Each target layer is 

separated by a multi-wire proportional chamber (MWPC). This requires the target 

box to be filled with a counter gas to operate the wire chambers. To separate the 

target gas from the counter gas, the target gas is contained in separate cells inside 

the box with thin windows for isolation. The cells are removable and replaceable, 

as are the chambers. There are two different cell configurations, one uses one 

long cell, and the other uses two short cells separated by a detector layer. The 

two short cells are connected externally and are filled and vented together. The 

gas cell portion of the system was designed to maximize the amount of isotopic 

gas that actually contributes to the target volume. The total volumes of the two 

4.0 cm long cells and of the single 9.3 cm long cell are 21153 cm3 and ~ 1 8 0  cm3 

respectively. The volume of the tubing to the isotope cylinder is 510 cm3. 

The signal and high voltage leads from the wire chambers are fed through the 

lid of the box by connectors which are soldered on a piece of G-10 which is epoxied 

to the stainless steel lid. The wires are read out to preamplifiers which are mounted 

on the lid of the box. Each preamp consists of a diode-protected, common base 

input with low input impedance. The output uses two cascaded emitter followers. 

The preamps are mounted on the lid so that they are within 3 cm of the wire 

pads. The preamps then drive the output signals through 7 m of 500 miniature 
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Figure 4.1: Side and top views of the segmented gas target box. 



coaxial cable to LeCroy 2735 16-channel discriminator boards. The output of the 

discriminators is then fed into alternating routers developed at TRIUMF which 

puts the signal from each wire alternately to two different channels of a LeCroy 

4291B 32-channel TDC. A schematic of the preamplifier circuit and a diagram of 

the read out electronics are shown in figure 4.2. 

Detector Wire Chambers 

The detector layers for the gas target are five MWPCs, Yv, YA-YD. YV is a veto to 

protons that scattered into the target box or that converted from neutrons in the 

0.020" stainless steel entrance window. Detectors YA to YD interleave the target 

layers to provide identification of the layer in which the (n,p) reaction occurred 

while allowing different targets to be used simultaneously. Energy loss corrections, 

ray-tracing and true scattering angle calculations also require knowing in which 

target layer the reaction took place. 

Each wire chamber is made of one vertical wire plane sandwiched between 

two cathode foils. Each wire plane has 16-12 pm diameter gold-plated tungsten 

anode wires with a spacing of 2.0 mm. The cathode foils are made of 6.35 pm 

stretched aluminized mylar. The distance between the cathode foil and the wire 

plane is 3.18 mm. Each detector plane has an active area of 7.0 cm.(vertical) x 3.2 

cm.(horizontal). The wires are read out in 8 pairs giving only horizontal spatial 

information with a resolution of about 4.0 mm. Table 4.1 summarizes the detector 

layer dimensions. 

The target box wire chambers use a gas mixture of 90% Argon/lO% COz. A 

gas mixture without hydrogen was used to reduce the background since the H(n,p) 

cross section is very large. Other mixtures, including ones of Ne/C02, were tested 

but found to break down at voltages far below attaining maximum efficiency. At 1 

atm pressure the optimum efficiency was determined to be 1800 volts during bench 

tests. Since the gas box was to operate at 20 atm, the effects of high pressure on 



Figure 4.2: At the top is a schematic of the preamplifier circuit used to read out 
the wire chambers in the target box. The bottom diagram shows the chain of 
electronics for read out. 



Table 4.1: Detector Layer Dimensions 

Anode wire: 12 pm diameter gold-plated tungsten wire 
Anode-anode distance: 2 mm 
Cathode foils: 6.35 pm thick aluminized mylar 
Wire-plane to cat hode-plane distance: 3.18 mm 
16 active anode wires, read out in 8 pairs 
Spatial Resolution: 4 mm 
Active area: 7.0(Vertical) x 3.2(Horizontal) cm2 

proportional chambers had to be determined. One effect of high pressure is seen in 

the gas gain. In a wire chamber gas gain depends on v/@ where V is the voltage 

and P is the pressure. This means that if at 1 atrn the optimum voltage is 1800 

volts to get the same gas gain at 20 atrn a voltage of 8049 volts would be required. 

Fortunately at the higher pressure twenty times more charge is also deposited so 

less gain is required. A voltage of 4900 volts gave an acceptable efficiency of 298% 

for protons. 

Another effect of high pressure is seen in the collection of drift electrons. The 

electron drift velocity depends on the reduced electric field E/P where E is the 

electric field. The tails in the drift time spectra are associated with regions of 

small electric field and thus lower drift velocities. With the change from 1 to 20 

atrn the E/P decreases everywhere by a factor of 7.35, extending the regions of 

low electric field. This results in longer tails in the drift time spectra, even though 

the average drift time changes very little. Figure 4.3 shows the drift time spectra 

at 1 and 20 atm. Although the full width at half maximum (FWHM) are about 

15 nsec at both pressures, the widths at tenth maximum (FWTM) are 29 and 33 

nsec for 1 and 20 atrn respectively. The broadening of the tail at 20 atrn is only 

slight, and still quite acceptable. 

The efficiency of the detector layers is important for many reasons. If there 
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Figure 4.3: The drift time structures for the MWPCs at 20 atm (above) and 1 
atm (below). 



is an event in which a detector layer after the target layer in which the reaction 

occurred does not fire a hitpattern word is generated and the event is rejected. 

This results in fewer good events. This also results in the upstream targets having 

more rejected events than those downstream because there are more wire chambers 

after them that could fail to fire. This is corrected for in the analysis from the 

known product of the inefficiencies in the wire chambers that follow the target 

(see sec 5.3.1). If the missing detector is just after the target of the reaction it 

will result in incorrect target layer identification. This leads to the spectrum of 

the upstream target 'leaking' into the spectrum of the following target. It is also 

corrected for in the analysis. 

There are two major sources of detector plane inefficiencies, one related to 

th'e pulse-pair resolution of the discriminators and one to the TDCs. The average 

pulse time over the discriminator threshold is ~ 4 5  nsec and the discriminator reset 

time is ~ 2 0  nsec. Then the pulse-pair resolution (T) for each channel should be 

~ 6 5  nsec. The efficiency is given by = e-CT where C is the single events 

rate. During the experiment the singles rates were typically 150 kHz, which would 

give an inefficiency of about 1.0%. The other inefficiency is due to the effective 

deadtime of TDCs. The TDCs are operated in common-stop mode and have an 

effective dead-time (T) of about 200 nsec per pulse. If there were no routers, 

the efficiency would be related to the probability of two pulses occurring within 

the effective dead-time of the TDC's, given again by ETDC = e-CT, where C is the 

singles rate. For C=150 kHz the inefficiency would be about 3%. With the routers 

the efficiency of the TDCs depends on the probability of three pulses occurring 

within the effective dead-time (200 nsec) so ETDC = e-C2T2 giving an inefficiency 

of about 0.1%. Since the routers greatly reduce the TDC inefficiencies, the total 

inefficiency is dominated by the pulse-pair resolution in the discriminators. Typical 

inefficiencies measured during experiment were about 1.5% for running at 20 atm 

and about 0.8% for 1 atm. 



4.4 Gas System 

The gas target requires a complicated gas handling system. Firstly the isotopic 

targets are of a limited volume so the target must be filled and isolated. The 

isotope must also be recovered as a single volume. During the filling the difference 

in pressure between the chamber gas outside the cells and the isotope inside the 

cells must be kept low. After the cells are filled, chamber gas is flowed through the 

box to prevent the build-up and layering of gases which can poison the chamber 

gas and can degrade the wire chamber efficiency after long periods in the beam. 

With these considerations the present gas handling system was built. It consists 

of a series of manual valves on the inlet and outlet of the gas target box volume. 

There is also an electronic mass flowmeter on the inlet which allows the flow into 

the chamber volume to be controlled by signals from precise electronic pressure 

transducers. The gas system is shown in figure 4.4. 

The features of the gas system are as follows: 

A premixed cylinder with a high pressure regulator supplies the chamber gas 

(Argon/C02 90:lO) to the target box. 

A mass flowmeter with a full scale range of 2 litres/min regulates the gas 

flow into the target box. A Datametrics 825 mass flowmeter was used. This 

was controlled by a Datametrics 151 1 flow controller and readout. The mass 

flowmeter can be adjusted for the different gases and flow ranges used. The 

controller box was operated in a mode which adjusts the flow with respect 

to a pre-set full scale range by comparing an input voltage to a 5.0 V full 

scale reference. 

The absolute pressure of the target box is monitored by a Kulite XT-190- 

500A miniature electronic pressure transducer which is mounted in the side 

of the target box. This has a rated absolute pressure range of 0-500 psi and 

a maximum pressure of 1000 psi. The differential pressure between the box 



Figure 4.4: The gas system for the gas target box 



and the cells is monitored by a Kulite XT-190-25D transducer mounted in 

the interface between gas fittings to the cells and a reference from the box. 

This transducer has a rated differential pressure of f 25 psi and a maximum 

pressure of f 50 psi. Each transducer requires a 10.0 VDC excitation voltage 

and gives an output of about 0-100 mV which is linear to the pressure. 

These were calibrated both at the factory and again at TRIUMF prior to 

installation and are linear to about 1.0 % of full scale. 

0 The pressure is controlled by refurbished MKS instruments 200/400 series 

PDR-5B pressure controller/readout. The readout has five channels which 

can be used as well as five set points which can be compared with the pressure 

signals. For our purposes a board with five amplifier circuits was installed 

in it. Two were used to amplify the outputs of the transducers to give a 

voltage that could be read out in units of pressure. One amplifier was used 

to compare the signals from the transducers to the reference voltages of the 

set points of the pressure controller/readout. This comparison was used to 

set the percentage of full scale flow set by the flow readout/controller. Far 

from the set point a maximum flow rate is set. Near the set point the flow 

and pressure difference have a steep linear dependence so if the pressure 

varies a little the flow changes rapidly. This is used to keep the pressure 

near the set point. If the pressure goes much beyond the set point the flow 

stops. The flow is usually controlled by the differential pressure but it can 

also be controlled by the absolute pressure. A 10 V DC power supply was 

also installed in the pressure controller/readout to power the transducers. 

Alarms are set by two of the unused set points. These detect if the differen- 

tial pressure is too high or too low. If the differential pressure (P,,ll-Pboz) is 

too high another set point closes a solenoid valve which stops the flow out 

of the box. This solenoid valve also closes if power to the pressure read- 

out/controller shuts off. 



A mechanical pressure relief valve is used to prevent over-pressuring the 

target box. It is set to open at 355 psi. 

e The gas flow out of the target box is controlled by the outlet needle valve 

and monitored on a rotameter flowmeter. 

The gas cells are filled with isotopic target gas directly from a small volume 

(typically 75 to 320 cm3) high pressure (typ. 1600 psi) cylinder, through the 

Fill/Vent (F/V) needle valve. 

Bypass valves allow the target box and the cells to be connected. The box 

and the cells can then be pumped out and filled either separately or as one 

common volume. 

The isotopic target gas is recovered into a large (typ. 50 litre) evacuated 

cylinder through the F/V needle valve. 

4.4.1 The Filling Procedure 

The filling procedure prevents excessive pressures across the cell windows, while 

filling the target reasonably quickly. The procedure takes about 25 min. The 

filling procedure is summarized as follows: 

1. The mass flowmeter is turned off and the outlet needle closed, isolating 

the target box. The box and cells are connected through open bypass and 

isolation valves and are pumped out together. 

2. The bypass valves are closed and, with the isolation valve open, the F/V 

needle is opened slowly, starting to fill the cells with the target gas. As 

the difference in pressure between the cells and the box increases, the con- 

troller/mass flowmeter adjusts the flow of Ar/C02 to the target box to main- 

tain a constant differential. The F/V needle is adjusted during the fill to 

keep the mass flow at ~ 1 . 5  litres/min (314 full scale). 

3. When the operating pressure ( ~ 2 9 4  psi) is reached the cells are isolated and 

the outlet needle is adjusted until the flow rate is ~ 1 5 0  cc/min. 
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4. The target gas remaining in the tubing outside the isolation valve may then 

be drawn into the recovery cylinder connected in parallel with the pump. 

At all times, when filling and operating, a constant differential pressure (SP211.0 

psi) is kept to ensure a positive curvature of the cell windows. Loss of gas from the 

target cells has been quite small, typically about 5 cc (0.15%)/day. Over 4 days 

the pressure in the target cells may fall 2 psi. During that time the controller/mass 

flowmeter, by keeping the pressure differential constant, will have also reduced the 

target box pressure by 2 psi. 

4.4.2 The Recovery Procedure 

The technique for venting the target box and cells, while recovering the target gas, 

is as follows: 

1. The recovery cylinder is connected to the F/V needle valve in place of the 

isotope cylinder. Bypass 2 is opened and the tubing from isolation valve to 

recovery cylinder pumped. Bypass 2 is then closed. 

2. The outlet needle is adjusted to give a mass flow of typically 1.7 litres/min. 

The isolation valve is opened and the F/V needle gradually opened, starting 

the recovery of the target gas. As the difference in pressure between the cells 

and the box decreases the controller/mass flowmeter decreases the inlet flow 

of Ar/C02 to the box to maintain a constant differential pressure. 

3. The F/V needle is adjusted during venting to keep the mass flow at ~ 2 0 0  

cc/min. The outlet needle is also adjusted to keep the outlet flow at ~ 1 . 7  

litreslmin. 

4. When the target box has been vented to atm pressure, the F/V needle is 

closed halting recovery. The outlet needle is then closed. The target box is 

pumped through Bypass 1 which is slowly opened. 



5. As the pressure differential between the cells and the box increases the con- 

troller/mass flowmeter increases the inlet flow of Ar/C02 to the box to 

maintain a constant differential. Bypass 1 (needle valve) is adjusted until 

the inlet flow is 1.7 litreslmin. 

6. The F /V needle is again opened and adjusted to reduce the inlet flow to ~ 2 0 0  

cc/min. Finally, with the target box fully pumped, the inlet flow drops to 

zero and the F/V valve may be opened wide and the maximum target gas 

recovered. 

Since the volume of the gas cell(s) plus tubing is -163 cm3 or 21190 cm3 and 

of the recovery cylinder is 50 litres, most of the target gas in the cells may be 

recovered. The target gas is later transferred back to the original small volume 

cylinder using cryogenic techniques. An overall return of ~ 9 9 %  of the initial 

isotopic gas has been achieved. 

If the target gas can be vented another procedure is used. Step 1 is followed as 

above. For step 2 the outlet valve is closed completely. Then bypass 2 is opened 

fully. Then bypass 1 is slowly opened which drops the pressure in the box. When 

bypass 1 is fully open the line between the box and the cells is fully pressurized. 

This means that the isolation valve can be opened. The cells and box are now 

bypasses and the inlet flow can be shut off and the outlet valve can be fully open, 

venting the cells and the chamber gas as a combined volume. 

4.5 Instrumental Backgrounds 

Backgrounds are a major concern in both for the design of the target and in the 

analysis of experiments. Backgrounds can limit the smallest measurable cross 

sections and can add major uncertainty to the results of any experiment if not 

properly understood. In the gas target box the backgrounds are due to (n,p) 

reactions on materials in the target box other than the target gas. There are two 

major sources of background; solids and gases. 



The backgrounds due to solids are largely eliminat,ed by the use of detector 

layers to reject conversions occurring outside the target cells. Thus the 0.020" 

thick entrance and exit windows are not a serious source of background since they 

are rejected by Yv and Yo respectively. The remaining sources of background from 

solids are: the cell windows, the wire chamber cathode foils and the anode wires. 

The cell windows are as thin as is mechanically usable. The first cell windows 

were made of .0017' stainless steel (as used in E474) but these were later replaced 

by .0002" stainless steel to decrease the window-related background by a factor of 

five. At 0' the major contribution from this is due to the 56Fe(n, p) Gamow-Teller 

peak (Q=-2.91 MeV). The cathode foils are made from aluminized mylar so the 

major background arises from the hydrogen with minor contributions from the 

carbon and oxygen. This could in principle be reduced by using thin aluminum 

foils which would eliminate all the hydrogen. The contribution from the anode 

wires is negligible since the wires are 12 pm thin and are spaced apart by 2 mm. 

Gas contributions to the background are from the Ar/C02 mixture which is at 

the same high pressure as the target isotope. The active volume occupied by the 

Ar/C02 is minimized but at present the length of counter gas between the centers 

of the detector layers is about 25.3% of the total distance. The (n,p) reaction on 

Argon (99.6% 40Ar) has a Q value of -6.721 MeV while the carbon (98.9% 12C) 

(n,p) spectrum is well known with Q,, of -12.6 MeV and oxygen (99.8% 160) has 

a small cross section and Q,, of -9.64 MeV. The backgrounds can be adequately 

subtracted if the proper background runs are made. The contributions to the 

backgrounds are summarized in table 4.2 

4.6 Target Options 

The layered design of the gas target allows for simultaneous accumulation of data 

on two solid targets and two gas cells. The solid targets are placed in target 

positions A and D; between chambers Yv and YA and Yc and Yo respectively. 



Table 4.2: Materials associated with each of the target layers at 20 atm with 20Ne 
target gas, and the .001" thick windows. 

Material Thickness Hydrogen Carbon 
(mg/cm2) (mm) (/%/cm2) (mg/cm2) 

EACH SOLID TARGET: T I ,  T4 3.1 

, EACH SHORT GAS CELL: T2, T3 
Argon/C02 90:10 50.0 13.9 0 1.49 

Neon-20 70.9 39.7 
Stainless steel foils 20.1 2 . 5 ~ 1 0 - ~  

OR 
THE LONG GAS CELL: T2A 

Argon/COz 90: 10 50.0 13.9 0 1.49 
Neon-20 167 93.3 

Stainless steel foils 20.1 2 . 5 ~ 1 0 - ~  

FOR EACH TARGET: 

MWPC Al-mylar foils 1.67 1 . 3 7 ~ 1 0 - ~  69.4 1.11 

There is space for targets of thickness 53.1 mm. The targets used should include 

at least one CH2 in the last target position to allow normalization to the absolute 

cross section of H(n,p). The CH2 also allows the extraction of the incident neutron 

spectrum. A carbon target in the first position might also be used to allow the 

subtraction of the carbon contribution to the CH2 spectrum. Possible gas targets 

include non-corrosive isotopes of interest from 3He to 130Xe. For good statistics 

the long cell is used. The two small gas cells are used if good resolution is required. 

Normalization can be done directly for the gas cells by doing a run with methane 

or HZ in them. Background runs are done with Ar/C02 at 1 and 20 atm. 

In E474 the target stack consisted of solid targets of 44.4 mg/cm2 of CH2 in 



positions A and D. The two short cells were filled with 20 atm of 99.98% enriched 

20Ne for a total gas target thickness of 145 mg/cm2. At each angle three runs were 

done; one for the 20Ne target at 20 atm and one for Ar/C02 each at 20 atm and 

1 atm. The 20Ne target was 99.98% enriched. 



Chapter 5 

Data Analysis 

5.1 Data Stream from the MRS 

The computer reads the CAMAC TDC and ADC values in an order specified by 

an event processor file in the TWOTRAN language. A typical data stream from 

the MRS for (n,p) mode CHARGEX running consists of: 

0 three header words consisting of event length, event type, and a sequence 

number. 

0 a Digital Coincidence Register (DCR) word and a termination code. 

8 TDC signals which are used to define timing from the scintillators and 

then a termination code. 

0 12 ADC signals which give the energies in the various scintillators and a 

termination code. 

0 3 ADC signals from the two large FPP scintillators and a termination code. 

two VDC header words and two words (wire number and TDC value) for each 

of the drift chamber wire TDCs which did not time out making a variable 

length word including up to 110 channels. 



The data stream is analyzed by the LISA data analysis program. LISA does event 

by event analysis both on-line or during replay. The analysis of each event has 

two parts. First the TDC values from the struck wires are decoded into position 

coordinates in each wire plane by the DRIFT routine. Then these coordinates 

are used in the INSERT routine to do ray-tracing and event reconstruction. The 

DRIFT and INSERT routines can easily be changed by the user according to the 

needs of different experiments. From these routines the basic spectra are created 

and corrected for both kinematics and optical aberrations on an event by event 

basis. 

5.2.1 Wire Chamber Decoding 

The wire chamber decoding is done by the DRIFT routine which gets the wire 

number and drift time values from the TDCs for each event and transforms them 

into position coordinates. The details of this are in the MRS manual [MRS]. Since 

the TDCs are operated in common stop mode, small TDC values correspond to 

long drift times. 

The DRIFT routine also does crude ray-tracing to the segmented target. To 

reduce the target misidentification due to accidental coincidences in the target box 

MWPCs, only wires in the vicinity of the traced back position are considered in 

defining a particular event. The traced back position is somewhat smeared out 

by multiple scattering of the proton in the 0.020" exit window. This effect is 

seen in figure 5.1 which shows the calculated versus the (calculated - measured) 

horizontal positions in wire chambers YA and Yo. It is largest for the first two 

detector layers Yv and YA. For these detectors the four closest pairs of wires to the 

traced back position are used while only the two closest are used for YB, YC, and 

Yo. In figure 5.1 the eight channels which are read out are clearly visible in the 

plot. The horizontal band at -4.0 mm corresponds to events in which that wire 



0 5 10 15 20 25 30 35 
Calculated (mm) 

0 5 10 15 20 25 30 35 
Calculated (mm) 

Figure 5.1: Plot of the calculated horizontal position versus the (calculated - 
measured) positions for wire planes YA and Yo. The eight channels which are read 
out are clearly visible. The horizontal band at -4.0 mm corresponds to events in 
which that wire plane did not register even though there was a trigger in the MRS. 



plane did not register even though there was a trigger in the MRS. Th' is comes 

mainly from neutrons which did not convert before the particular chamber but 

converted later. This explains why this band is larger and why there are fewer 

good events in the upstream detector, YA. 

5.2.2 Target Coordinate Reconstruction 

Target coordinate reconstruction is done by the FECs and the target detector 

planes identify the target. Figure 5.2 shows the coordinates involved in the calcu- 

lation. The scattering angle in the X direction is: 

where dFEC is the distance between FECM and FEC0. The scattering angle in the 

Y direction is: 

To 
MRS 

FECO FECM 

4 H 

~ F E C  ~ X F E C  

Figure 5.2: Target coordinate reconstruction from FECM and FECB. 



The target position can then be calculated as follows: 

where d X F E C  and dYFEC are the distances from the target center to XM and YM 

respectively and depends on which target the reaction took place in. Software cuts 

are made on the target coordinates to reject reactions which took place in the gas 

cell walls. 

The FECs are also used to calculate the true scattering angle of the particle. 

The angle of the incoming neutron is defined by the angle from the center of the 

(p,n) target where the proton beam is focused to the position in the target of the 

(n,p) reaction which is given by XI, YI from above and the '2' from the target 

identification. The angle of the outgoing proton is defined by OFEC and qjFEC 

above. The true scattering angle is then defined as the difference in angle between 

the incoming and outgoing particles. 

5.2.3 Focal Plane Coordinate Reconstruction 

The momentum of the protons analyzed by the VDCs at the focal plane of the XI 

and X2 is used to calculate the position of the outgoing particle along the bend 

plane. The bend plane coordinate 'XF" measures the momenta of the particles. 

Figure 5.3 shows the coordinates involved in the calculation. XI? is calculated as, 

XF = 
(VDCDIST . XlC) - (FOCALF . DX12) 

VDCDIST - (DX12). t a d )  (5.5) 

where VDCDIST is the distance between the VDCs, FOCALF is the distance 

between VDCl and the true focal plane. DX12 is the difference between the 

corrected value of X1 (XlC) and the value of X2 and 6 is the angle between the 

X-plane of the true focal plane and the X-plane of the VDCs. 
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Figure 5.3: Focal plane reconstruction from VDCs. 

After the focal plane spectrum is calculated it is corrected with respect to the 

bend plane angle, 8. It is also corrected for aberrations in the focal plane, making 

XF independent of scattering angles (OPEC, 4PEC) and target position (XI and YI) 

by adding linear and quadratic correction terms. The kinematics are corrected for 

by making XF independent of the true scattering angle again using linear and 

quadratic correction terms. The aberration corrections are found empirically at 0" 

and used throughout the analysis while the kinematic corrections are calculated 

for each angle. 

5.3 Corrections to Spectra 

After obtaining the raw spectra from the data replay the spectra must also be 

corrected for backgrounds etc. A standard set of corrections is used for both 

segmented (n,p) target boxes with some modifications for the different backgrounds 



of the gas target box. The corrections made are as follows: 

5.3.1 Wire Chamber Inefficiencies 

The efficiencies of the wire planes in the target box are measured during the 

experiment by positioning a thick CH2 in the neutron beam upstream of the target 

and requiring a hit in the veto scintillator in the trigger. This means that the 

neutrons convert in the CH2 and a proton beam traverses all the wire chambers 

in the target box. The efficiencies of each wire plane in the box can then be 

determined from a spectrum of missing hits. The efficiencies are on the order of 

99% for single detector plane misses. 

The wire chamber inefficiencies have two effects on the spectra. First, if a 

wire chamber misses when an upstream chamber fires the event is rejected in 

software. This means that the upstream targets have fewer counts because there 

are more downstream chambers which have the possibility of not firing. Each 

target spectrum must therefore be corrected to account for missing hits in any 

of the wire chambers further downstream. This can be done by multiplying each 

spectrum by the inverse of the product of the efficiencies of all the downstream 

chambers. This correction is about 10% for the first target. 

The second effect of wire plane inefficiencies is that if the wire chamber directly 

following the hit target misses but all the others downstream fire it is counted as 

a good event but the target is misidentified. This means that the spectrum from 

one target is contaminated by the spectrum from the upstream target on the or- 

der of the inefficiency of the upstream detector. This is corrected for simply by 

multiplying the upstream spectrum by the inefficiency of the chamber directly fol- 

lowing it and subtracting the product from the spectrum of the target immediately 

downstream. This contamination can be large if the upstream target has a much 

larger cross section than the downstream target or if chamber efficiencies are low. 

In E474 the first target was 44.4 mg/cm2 CH2, while the second target was 20Ne 



so the leak through of the hydrogen peak into the 20Ne spectrum was significant. 

If the first target has a small yield the leak through of the front stainless steel 

window might have to be corrected for. 

The corrections to the spectra were made as follows. If wire planes (i=A-D) 

have inefficiencies q ; ,  and efficiencies c; = 1 - q ; ,  the total efficiency of all wire 

planes A-D is 

€TOT = 
A [ I  - V A ) ( ~  - TI# - V C ) ( ~  - V D )  

and for downstream targets, 

ETOT = 
B - V B ) ( ~  - Vc)(l - V D )  

€TOT = c - V C ) ( ~  - V D )  

€TOT = 
D ( 1  - V D )  

The corrected spectra are related to the raw spectra as follows; 

AC = 1 / p  . ARAW 

BC = l / € T , O T .  BRAW - V A  ' AC 

CC = 1 / p  . C R A W  - V B  - BC - q/, ' q~ ' AC 

C - 1 . D R A W  - D - I  ~ c . C C - r l B ~ 7 7 C ~ B C - q A ~ I j ) B - r ] ~ ~ A C  

where iRAW are spectra before inefficiency correction and iC are the corrected 

spectra. Usually corrections involving terms with the product of two or more 

inefficiencies can be ignored. 

5.3.2 MRS Acceptance 

The MRS has a finite acceptance which varies as a function of the focal plane 

position. This function can be measured by varying the field settings of the dipole 

magnet to move the hydrogen peak from a CH2 target across the focal plane. The 

total counts in this peak are then compared to the total beam integration for 

each magnet setting and normalized. Then the points are fitted to a polynomial 

to obtain an acceptance function. For E474 time constraints did not allow for 

the acceptance to be measured, so the acceptance function was obtained from the 
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Figure 5.4: The acceptance function from E489 (top) and the CH2 (middle) and 
*ONe (bottom) spectra before acceptance correction. 



analysis of E489 which was at the same energy. To correct for acceptance each 

spectrum is divided by the acceptance function. The acceptance is most important 

in the high excitation end of the spectrum. Figure 5.4 shows the normalized 

acceptance function from E489 (top) with the uncorrected spectra of CH2 (middle) 

and 20Ne (bottom) to show the spectra relative to the acceptance. 

The acceptance and neutron flux are somewhat target dependent, but since 

the dependence is roughly linear the symmetry of targets (CH2-20Ne -20Ne -CH2) 

should eliminate any effect. At high MRS angles the drop in the cross section of 

the 'Li(p,n) reaction decreases the neutron flux at the extreme targets. The effects 

of this are minimal in the present experiment but it is important at MRS angles 

2 15". 

5.3.3 Energy Loss Corrections 

Before the spectra from like targets can be summed the spectra have to be shifted 

with respect to each other to correct for the energy loss in each target. Energy 

losses can be calculated but the shifts are found better empirically. Once these 

shifts are made the spectra for like targets are summed. For E474 targets A and 

D are both CH2 and are summed. Targets B and C are both 20Ne or Ar/C02 and 

are therefore summed for each target. 

After the energy loss correction is done the 1 atm background spectra must 

be artificially broadened so the resolution of the peaks is the same as that of the 

20 atm runs. This is needed because at 1 atm there is less target material in the 

cells so the peaks are significantly narrower. This broadening ensures a reasonable 

subtraction of background peaks. 

5.3.4 Background Subtraction 

After all the spectra are corrected for wire chamber efficiency, MRS acceptance and 

energy loss the backgrounds have to be subtracted. The different runs must first 

be normalized to the same integrated beam current. This is done by integrating 



the H(n,p) peaks of the CH2 spectra of the two background runs and normalizing 

to counts in the H ( ~ , P )  peak of the 20Ne run for each angle. 

The measured spectra contain contributions from the target of interest in the 

cells as well as backgrounds from Ar/C02 chamber gas outside the cells at the same 

pressure and solids in the detectors and cell windows. The measured spectrum of 

20Ne at 20 atm. ('NE20') contains: 

20Ne @ 20 atm. + Ar/C02 bkgd @ 20 atm. + solids bkgd (5.6) 

The measured spectrum of Ar/C02 at 20 atm. ('AR20') contains: 

Ar/C02 @ 20 atm. + Ar/C02 bkgd @ 20 atm. + solids bkgd (5.7) 

The measured spectrum of Ar/C02 at 1 atm. ('AR1') contains: 

Ar/C02 @ 1 atm. + Ar/C02 bkgd @ 1 atm. + solids bkgd (5.8) 

The backgrounds are subtracted as follows: 

Subtract (3) from (2) i.e.: 

AR20 - AR1 = AR19 = Ar/C02 @ 19 atm. + Ar/C02 bkgd @ 19 atm. 

(5.9) 

Normalize (4)-20/19: 

AR19 - 20119 = AR = Ar/C02 @ 20 atm. + Ar/C02 bkgd @ 20 atm. 

(5.10) 

Extract solid background (2)-(5): 

AR20 - AR = SOLID = solid bkgd (5.11) 

Normalize (4)-20/19 . 0.253 to extract Ar/C02 background: 

AR19 - 20119 - 0.253 = ARBKGD = Ar/C02 bkgd @ 20 atm. (5.12) 



Extract pure "Ne spectrum (1)-(6)-(7)=(8): 

N E ~ O  - SOLID - ARBKGD = NEON = 2 0 ~ e  0 20 atm. (5.13) 

This yields the 20Ne spectrum with the gas and solid backgrounds subtracted. 

The factor of 0.253 in (5.12) is the ratio of the length of gas volume outside the 

gas cells to the total length of the gas volume (the distance between the detector 

planes). 

Figure 5.5 shows the results of the background subtraction. The top figure 

shows the 20Ne spectrum before the background subtraction. The second spec- 

trum is the background from solids. The contributions from the H, 12C, 56Fe 

(n,p) spectra are clearly seen. The third spectrum is the background due to the 

Ar/C02 chamber gas with the 12C(qp) peak visible. The last spectrum is the 

background subtracted 20Ne spectrum 'NEON' normalized to cross section but 

without any other corrections. Peak at Q=O MeV is due to the hydrogen which is 

not completely subtracted. 

5.3.5 Deconvolution of Neutron Spectrum 

The neutron beam is not perfectly monoenergetic but has finite width and a tail. 

This tail has to be deconvoluted and the neutron source be treated as monoener- 

getic for a good interpretation of the spectra. The shape of the neutron spectrum 

can be found by subtracting a normalized 12C(n,p) spectrum from the CH2(n,p) 

spectrum. This yields the shape of the H(n,p) spectrum which reflects the shape of 

the neutron spectrum. The neutron spectrum is used to deconvolute the 20Ne(n,p) 

spectrum by finding the contributions to the total neutron flux from the peak and 

from the tail. The contribution from outside the neutron peak is stripped away. 

This is done with a computer code. Figure 5.6 shows the neutron spectrum with 

both linear and log scales (top and upper middle) and the unshipped (lower mid- 

dle) and the stripped 20Ne spectrum (bottom). 
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Figure 5.5: The 20Ne(n,p)20F spectrum at En = 198 MeV at 81,b=1.520 showing 
the various contributions to the background. The top spectrum shows the 20Ne 
before background subtraction. The next two spectra show the backgrounds due 
to solids and chamber gas. The bottom spectrum is of 20Ne with the backgrounds 
subtracted and normalized to units of cross section. 
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Figure 5.6: The neutron spectrum with both linear and log scales (top and up- 
per middle) and the unstripped (lower middle) and the stripped 20Ne spectrum 
(bottom). 



5.3.6 Rebinning of Spectra 

After the neutron tail is stripped away the resulting spectrum is rebinned in a 

desirable bin size which optimizes statistics against resolution. Since the resolution 

of the major peaks in the 20Ne spectrum was found to be about 1200 keV a bin 

size of 0.5 MeV is reasonable, but for the multipole decomposition a bin size of 

1.0 MeV was used. 

The spectra are rebinned into units of energy, calibrated in terms of excitation 

energy. Since the original focal plane coordinate, 'XF', is a momentum, the con- 

version to energy requires finding the dispersion with both linear and quadratic 

terms. The dispersion can be found by measuring the centroids of peaks of known 

excitation energy, (e.g. in the 12C(n,p) spectrum) and fitting the coordinates to 

the energy or from comparing the position to the field settings from the acceptance 

measurements. For E474 the dispersion was found by both methods, indirectly 

for the first method. They gave approximately the same result. The excitation 

energy is known to about f 200 keV. 

Finally, the spectra are divided by bin size to yield the normalized double 

differential cross section d2g/dE/d0. The absolute values of the cross sections are 

determined below. 

5.3.7 Calibration of Spectra 

Cross sections for the target gas are determined relative to simultaneously mea- 

sured spectra of solid targets with 'known' cross section. For E474 targets A and D 

were CH2 so as to use the 'known' cross section of the H(n,p) reaction. In general, 

the yield for a specific reaction is given by, 

where Y is the yield, I is the beam current, n is the number density of target 

atoms in number per cm3, x is the target length in cm and d o  is the acceptance of 



the spectrometer. The product is n.x = T - NA/m where T is the target thickness 

in mg/cm2 and is found by assuming the gas is an ideal gas and measuring the 

pressure and volume. Also NA is Avogadro's number, and m is the molar mass of 

the target atoms. The ratio of 20Ne yield to H yield is then: 

For simultaneous accumulation IN, = IH, NA is a constant and  ON, =dSt~ ,  

The H(n,p) cross sections are obtained from the Arndt phase-shifts fit SAID 

at that center of mass true scattering angles and reconverted to lab angle cross 

sections [AS 841. Then the proportionality between counts in the hydrogen peak 

and the cross section is found. The integral of the hydrogen peak then gives the 

normalization constant 'a' to convert counts in the 20Ne spectrum to cross sections. 

The results are shown in table 5.1. From this each spectra is calibrated in terms 

of laboratory cross section. The spectra are then converted to center of mass cross 

sections by calculating the theoretical ratio of lab to cm at different energy bins. 

This is necessary for comparison with theory. 

Table 5.1: H(n,p) cross sections and calibration constants 'a' 

(mb/sr) (counts) (mb/sr/count ) 
1.53 1.63 53.53 44874f 211 .00218f .00023 

The errors are found at each step of the analysis and are taken through each 



part of the calculation. The error begins with the statistical error in the raw 

spectra and the uncertainties introduced by different parts of the data analysis are 

added in. The result is an error assigned to each bin of data in each spectrum. 



Chapter 6 

Results 

The final 20Ne(n, p)20F spectra at five angles in 0.5 MeV bins are shown in figure 

6.1. The spectra show two major peaks, one at 1.0f 0.3 MeV and the other at 

6.5f0.5 MeV, with only hints of other structure. With the resolution being 1.2 

MeV FWHM individual states cannot be resolved. The angular distribution of the 

spectra suggests that these peaks both have contributions from AL=O and AL=l 

transitions. The peak at 6.5 MeV is superimposed on a large background making it 

impossible to isolate and examine its angular distribution. The peak at 1.0 MeV is 

clean enough to measure its cross section at different angles so a decomposition was 

done by fitting its angular distribution to theory. A full multipole decomposition 

was done on the total spectrum separately. 

6.1 Multipole Decomposition 

6.1.1 The 1.0 MeV Peak 

The cross sections of the 1.0 MeV peak were found by fitting the peak by a 

skewed gaussian distribution assuming no background. The fits are reasonable 

at 01ab=1.5", 3.3", and 6.3". At higher angles, the AL=O component falls off and 

the AL=l components become larger, so the peak is small and broad. Also at 

higher angles the counting statistics are low so cross sections have larger statis- 

tical error. The peak areas are normalized to center of mass cross sections for 
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Figure 6.1: The 20Ne(n,p)20F spectra at En = 198 MeV at Blab =1.5', 3.3", 6 .k ,  
10.lO, and 15.3". Center of mass cross sections are shown. 



convenient comparison with theory. The cross sections are tabulated in table 6.1. 

Table 6.1: Angular distribution of the 1.0 MeV peak in 20F 

A simple decomposition is then done by fitting the experimental angular dis- 

tribution to theoretical angular distributions for the states that are predicted to 

make up the peak. The theoretical cross sections for individual states in the region 

of the 1.0 MeV peak have been calculated using the DWIA code DW81 [DW81]. 

The interaction used was the non-relativistic Love-Franey parameterization of the 

SP84 phase shift data of Arndt [FL 851. The optical potential parameters are 

found from fits to proton elastic scattering data on 24Mg and 28Si at 200 and 280 

MeV, scaled to E=200 MeV, A=20 [Lin 87,Hic+ 881. The transition densities are 

from shell model wavefunctions calculated by OXBASH. The wavefunctions of the 

ground state and the 1+, T=l states were calculated using the universal sd shell 

interaction [Wil 841. The states involved in AL=l excitations (0-, I-, and 2-) 

were calculated by B.A.Brown using a Skyrme I1 interaction in a s-p-sd-fp basis, 

truncated to mixing of lliw excitations [Bro 871. 

The largest contribution to the peak at low angles is the 1.0568 MeV 1+, T = l  

state, the analog of the well known 11.26 MeV state in 20Ne [Ajz 871. There are 

also three known states in this energy region which involve AL=l transitions and 

cannot be resolved; a 1- state at 0.9378 MeV and two 2- states, one at 1.309 MeV 

and one at 1.843 MeV [Ajz 871. These are the analogs of the 11.270 MeV 1- T = l  



Figure 6.2: The angular distribution of the 1.0 MeV peak in 20F . The points 
are the experimental cross sections, the solid line is the fit, the dashed line is the 
AL=O shape and the dash-dot line is the AL=l shape. 



and the 11.60 MeV and 12.098 MeV 2- T = l  states in 20Ne , respectively. The 

2- states are clearly seen in (p,pl) and (e, e') reactions [Wil+ 87,Ran+ 851. Shell 

model calculations wrongly place these states at 15.53 and 15.83 MeV, probably 

because of the large basis used. 

The experimental angular distribution is fit to the sum of two theoretical 

shapes: the theoretical angular distribution of the AL=O transition to the 1.0 MeV 

1+ state and a AL=l shape, which is just the sum of the theoretical shapes of three 

AL=l states. Each of the shapes is convoluted with the finite angular acceptance. 

Figure 6.2 shows the fit to experimental data, a(total)=A.a(AL=O)+B.o(AL=l), 

as well as the AL=O and AL=l shapes used. The coefficients found from the fit 

are A = l . X f  0.05 and B=O.&t 0.05. The DWIA underpredicts the AL=O cross 

section by 20% and overpredicts the AL=l cross sections by about a factor of two. 

Once the AL=O component is extracted the theoretical angular distributions from 

DWIA are used to extrapolate the AL=O cross section to O,, = 0'. The resulting 

cross section is 

aAl;=o(@cm = 0) = 1.25 k 0.18 mb/sr. 

6.1.2 Total Strengths 

In order to extract the AL=O cross sections, which are needed to find the GT 

strength, in a continuum of unresolved states it is necessary to do a full multipole 

decomposition of the spectra [Moi 87,Vet+ 891. Such a procedure fits the angular 

distribution of each energy bin to theoretical angular distributions for transitions of 

different angular momentum transfer (multipolarity). For such a decomposition it 

is necessary to have experimental spectra at many angles, the number depending on 

how many mdtipolarities are to extracted. Theoretical shapes for each multipole 

to be extracted are also required. These shapes can also depend on the excitation 

energy. 

For the present analysis the AL=O, AL=l and AL22 contributions were ex- 



tracted. The 20Ne(n,p)20F spectra were measured at five angles out to 61,b=15.30, 

where the AL=2 strength is predicted to peak. The spectra are transformed to 

center of mass cross sections and are in 1.0 MeV bins. Three different sets of the- 

oretical angular distribution shapes are used as input. The first set consists of the 

shapes of the single strongest transitions of each multipole in the region. The sec- 

ond set is from the incoherent sums of the angular distributions of all the predicted 

transitions of each multipole. The third set of shapes is from the coherent sums of 

the theoretical shapes, where each shape was normalized to unity before summing 

and averaging. The AL=O angular distributions were calculated as above for the 

transitions from the 0+, T=O ground state (g.s.) of 20Ne to the ten lowest 1+, T=l 

states. The AL=l contributions come from strongest transitions from the g.s. to 

the 0-, I-, and 2-, T = l  states. These included one 0-, three I - ,  and three 2- 

states. The AL=2 shapes are Ohw transitions to 2+ and 3+ states, which were 

calculated using the universal sd interaction. Only the ten lowest transitions to 

each 2+ and 3+ states were calculated. 

The decomposition uses a least squares fitting routine, MINUIT, to fit the 

experimental angular distribution of each energy bin by the shapes of the multipole 

components. Examples of these fits are shown in figure 6.3. The decomposition 

yields the amount of each multipole component contributing to the cross section 

at each angle. The accuracy of the decomposition depends on the validity of the 

multipole shapes, and the statistics of the experimental spectra. The results of 

the decomposition using the coherently summed shapes are shown in figures 6.4 

and 6.5. 

A multipole decomposition was done using each of these sets of shapes for 

E,=0-20 MeV and the results were almost identical in each case. For the final 

results the decomposition using the shapes from the coherent sums is used because 

it minimizes the continuum of AL=O strength. The decomposition reveals that 

the AL=O strength resides largely in the two peaks, which also have large contri- 
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Figure 6.3: The fits to experimental angular distributions by the multipole de- 
composition for the 1-2 MeV (top) 5-6 MeV (middle) and 10-11 MeV (bottom) 
energy bins. The points are the experimental cross sections, the solid line is the 
fit. The dashed, dash-dot and the dotted lines are the AL=O, AL=l and AL=2 
components, respectively. 

1.2 

0.9 

- 

I 
5-6 MeV - 

- 1 - 

0.6 - - I - . - - - -  
\ 

1 .  , 
-c 

0.3 :-/, - , \ \ 
\ - - .- - - - - - -  :- - - . - - - - -+... . - - - 

0 0  
- . . -  - _ - 

I - - - - - 



Figure 6.4: The multipole decomposition at OLab = 1.5', 3.3', and 6.3" for E,=0-20 
MeV. The different hatchings signify the different L-transfer contributions to the 
total spectrum. 



Figure 6.5: The multipole decomposition at Olab = 10.lO, 15.3" for E,=0-20 MeV. 
The different hatchings signify the different L-transfer contributions to the total 
spectrum. 



butions from the spin-dipole resonance (AT=l,  AL=l, AS=l). Above 7.0 MeV 

the decomposition suggests a continuum of high lying AL=O strength. Because 

the angular distributions in this region are fairly flat, and this continuum is not 

expected, the accuracy of the decomposition results are in doubt. The shell model 

calculations predict very little strength above 7.5 MeV. 

This continuum of AL=O strength is also seen in the multipole decomposition 

analysis of other (n,p) experiments. In the 15N(n, p)15C reaction at 290 MeV, 

where the GT strength is forbidden to first order, the multipole decomposition 

gives a continuum of AL=O strength above 10.0 MeV [Cel 891. A continuum of 

high lying AL=O strength, which is not expected, is also extracted from the spectra 

of 54Fe(n, p)54Mn at 298 MeV [Vet+ 891. In a recent analysis of 48Ti(n, p )48S~  at 

200 MeV, the decomposition again yields a large amount of AL=O strength at high 

excitation [Alf+ 891. These results may suggest a problem with the extraction of 

AL=O strength using multipole decompositions. 

One cause of this AL=O continuum could be the way the (n,p) spectra are 

normalized. The normalization uses the H(n,p) cross sections from the Arndt 

phase shifts, SAID (sec. 5.3.7). At large angles these cross sections may be too 

small, yielding lower values for experimental cross sections. Lower experimental 

cross sections at higher angles would decrease the amount of AL=l and AL=2 

contributions which would imply more AL=O strength at low angles. Another, 

more likely, explanation is that there is a problem with the DWIA calculations 

of the theoretical angular distribution shapes. A recent experiment investigating 

single particle spin-dipole transitions in the '5N(n,p)15C reaction suggests that the 

theoretical shapes of AL=l transitions from DWIA are wrong, the cross sections 

being too small at low angles [Cel 891. The third possibility is that the small con- 

tinuum of AL=O strength is real, but is unaccounted for in the present shell model 

calculations. This could possibly be accounted for in higher order configuration 

mixing. No definitive conclusions seem possible at this time. 



6.2 GT Strength from Cross Sections 

The relationship between (n,p) cross sections and Gamow-Teller strength is dis- 

cussed in section 2.2. The conclusion is that there is an approximate proportion- 

ality between the cross section at q=O and B(GT) . The proportionality, (called 

6 & -  for (n,p) reactions and 6GT for (p,n) reactions) is a function of the nucleus 'A', 

and incident particle energy E,. This proportionality can be calculated by DWIA, 

but the values predicted have been shown to be unreliable [Tad+ 871. Therefore, 

for nuclear structure studies, an empirical value of 66, is to be preferred. 

Nucleus (A)  
Figure 6.6: 6GT determined from (p,n) reactions at E,=160 MeV (filled circles) 
and (p,n) (open circles) and (n,p) reactions (open boxes) at 200 MeV. The dashed 
line is the fit to 160 MeV (p,n) data. Data from [Tad+ 871 and [Jac+ 881. 

Experimentally, 6GT and 6hT are found by measuring the (p,n) and (n,p) cross 

sections of the peaks corresponding to a ,O decay for which the value ft was mea- 

sured. The (p,n) data at 160 and 200 MeV and the (n,p) data at 200 MeV are 

shown in figure 6.6 [Tad+ 87,Jac+ 881. In the p shell 6GT from (p,n) agrees with 



&ZT from (n,p) for analogous transitions except for A=13. In the sd shell transi- 

tions in five nuclei have been measured by ( p p )  at 160 MeV and SET determined. 

This data is interpolated to A=20 to find eGT for 20Ne . This value is scaled by an 

empirical value of ~ ? ~ ~ ( E = 2 0 0  MeV) /~?~~(E=160  MeV) to get the value for A=20, 

E=200 MeV. The final value obtained is &GT=9.0f .9 (mb/sr/B(GT)) which is 

used to extract the GT strength. 

GT strengths can now be found from the experimental AL=O cross sections. 

First the cross sections must be scaled to 8,,, w=0 using the theoretical shapes 

from DWIA. Once this is done the B(GT) is found simply from 

The cross section of the AL=O component of the 1.0 MeV peak from the fit to 

theoretical angular distributions was found to be 

Correcting to w=O the cross section becomes 

From this the B(GT) is extracted 

This is also done for each energy bin of AL=O spectrum extracted from the mul- 

tipole decomposition. The results are listed in table 6.2. 

The strength of the 1.0 MeV peak found from the multipole decomposition is 

which is less than that extracted from the fit peak decomposition. One reason 

for the difference is that in the multipole decomposition finite sized bins are used, 



Table 6.2: Measured Cross sections and G T  Strengths for E,=0.0-10.0 MeV in 
20F. 

E x  ucm(l .5O) U A L = O ( ~  .5O) u,=,=o B(GT+) 
(MeV) (mb/sr) (mb/sr) (mb/sr) 
-0.50 0.1655 0.024 O.056f 0.013 O.863f 0.015 O.OO7f 0.002 

Tot a1 0.618f 0.177 

whereas the fit peak includes the tails and therefore sums the whole peak, giving 

larger cross sections. Also the multipole decomposition has a finite AL=2 compo- 

nent which lowers the strength in this peak, while the fit to theory did not include 

any. The large errors in both are a result of the small strengths being measured. 

The large uncertainty in bGT also contributes to the error. Since the cross sections 

and derived strengths from the fitted peak are expected to be more reliable they 

are used in the rest of the analysis. 

6.3 Comparison to Theory 

The measured B(GT) can now be compared with theoretical predictions. From 

the calculated wavefunctions the transition densities and then B(GT) and B(M 1) 

were calculated using both free-nucleon and effective one-body operators. The the- 



oretical strengths are tabulated in appendix 2. Figure 6.7 shows theoretical values 

of B(GT) compared with strength extracted by the multipole decomposition. For 

the state at 1.0 MeV the measured GT strength is O.l5Of 0.027 while calcula- 

tions using free-nucleon operators predict a strength B(GT)f,,e=0.1424 and from 

effective operators B(GT)ejj=0.09847. If the quenching factor 'QF' is defined as 

the quenching for this state is QF = 1.0550.19. The shell model with free-nucleon 

operator predicts the strength of this state quite well. 

E X in "5' ( M e V )  

Figure 6.7: The derived GT strength (broad bins) compared with the calculated 
G T  strength found using free-nucleon operators (narrow bins, dotted lines) and 
effective operators (narrow bins, solid lines). 

For the other states there is a large uncertainty. No sharp peak is seen at 3.4 

MeV where a strong state is predicted. The strength of this state is calculated 

to be B(GT)=0.1017 but the measured strength at this excitation energy is only 



B(GT)=O.O20f 0.006. It is possible that the strong theoretical states at 5.7, 7.1 

and 8.5 MeV are seen, but this can only be determined by comparing the total 

measured strength with the total predicted strength. Figure 6.7 shows the mea- 

sured strength distribution compared with the shell model predictions. Clearly 

the shell model calculations do not reproduce the strength distribution very well. 

In figure 6.8 the running sum of the measured B(GT) for Ex=O-10 MeV in 20F 

is compared those from theory. The theoretical values exhibit steps where the 

peaks are predicted but the experimental increments occur at 1.0 MeV intervals 

because of the finite bin size. The comparison shows that, if the decomposition is 

believed, the experiment agrees with the predictions using free-nucleon operators, 

and no net quenching is seen. Over the whole region included in the shell model 

calculations, Ex=O-10 MeV, the QF would be l .27f  0.36. A more conservative 

estimate would include only the region where there is significant GT strength pre- 

dicted. This would minimize the contribution from the AL=O continuum. Since 

there is a strong excitation predicted at 7.13 MeV, the region of comparison can 

be truncated to Ex=O-7.5 MeV. In this region QF = O.93f 0.26. This conservative 

result will be used to define the total quenching. 

Comparison with M1 Strength 

The direct comparison of GT and M1 strength can show the effects of spin-orbital 

interference and/or meson exchange currents on the M1 matrix element (sec. 2.1'). 

To compare B(M1) and B(GT) it is necessary to convert B(GT) values to B(M1) 

values. A simple relationship between the M1 and GT operators can be found for 

pure spin-flip transitions, such as those seen in (n,p) reactions at low q [And+ 871. 

From this relationship a pure spin MI strength, 'B(a)'  is defined. It is found that 

for N=Z nuclei, 

B(a)  = B(GT) 2.6435 p: (6.3) 
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Figure 6.8: The running sums of B(GT) vs. E, in 20F from experiment (solid 
lines) and shell model calculations using free (dashed line) and effective (dash-dot 
line) operators. 



The MI and GT strengths are best compared by finding the ratio of B(M1) to 

B(o), i.e. 

R, = B(Ml) /B(a)  (6.4) 

This ratio gives a dimensionless measure of the enhancement from the orbital and 

MEC contributions, such that if there was no orbital or MEC contribution R, 

would be unity. Unfortunately the individual contributions cannot be extracted 

separately. 

The M1 strength in 20Ne has been measured by two reactions, (e, e l )  and (y, 7'). 

The (y, y') reaction is limited by the particle emission threshold to states with E, 

5 13.0 MeV in 20Ne. Experiments using both probes only see the 11.26 MeV 

1+, T = l  state [Ben+ 71,Ber+ 83,Ber+ 841. For this state it is found that B(M1) 

=2.02f 0.36 ~1:. The shell model predicts B(M1) =1.96 usingfree-nucleon oper- 

ators and B(M1) = 2.32 using the effective operator. The experimental results 

are in good agreement with the free-nucleon operator predictions which is consis- 

tent with the results for B(GT). Using both experimental results, RU=5. l f  1.3. 

This shows the large effect of the orbital component in the M1 matrix element. 

When compared with 5.21 and 8.92, from calculations with free and effective one- 

body operators, respectively, again the predictions using the free-nucleon operator 

are better 

6.5 Comparison to Results from Other Probes 

Three other hadronic probes have been used to measure B(GT) in 20Ne . The 

earliest measurement was made using the 20Ne(~- ,  y)20F reaction [Mar+ 811. This 

probe could only measure up to E,=7.0 MeV in 20F because of the particle emission 

threshold. Because this reaction involves higher momentum transfers the states 

with higher L-transfer are more strongly populated. The only 1+ state is seen at 

1.0 MeV. The branching ratio to this state is related to the spin matrix element. 

From this it is found that B(o) = O.425f 0.128 or B(GT)=0.1607& 0.030, which 



is consistent with the (n,p) results. A state is also seen at 6.0 MeV in 20F and, 

whereas the authors assigned this to be 2-, Rangacharyulu e t  al-later suggested 

that this state might have a large component of AL=O strength [Ran+ 851. 

The most thorough study of spin-isospin excitations in 20Ne has been done by 

the ORSAY group using high resolution inelastic (p,p1) at low momentum transfer 

[Wil+ 871. This group sees three distinct 1+ peaks, at 11.26 MeV, 13.5 MeV and 

15.7 MeV. This is inconsistent with the (n,p) results which only sees no significant 

strength at 3.4 MeV in 20F (=13.5 MeV in 20Ne ). The cross sections were measured 

from Olab = 3.0' to 10". For the 11.26 MeV state they give B(a)=0.49 f 0.06p: or 

B(GT)=O.l85f 0.023. Although their strength is larger than the (n,p) results, the 

cross sections are in agreement with the (n,p) data, when the factor of two from 

the isospin Clebsch-Gordan coefficient is taken into account. For the other states 

the agreement with theoretical cross sections is good, although the 1+ assignment 

of the state at 15.7 MeV is somewhat uncertain. They see no evidence of any 

1+ strength above 17.0 MeV but are uncertain because the continuum background 

due to the kapton windows on their target obscures the spectra at excitation above 

17 MeV. If the state predicted to be at 17.3 MeV is ignored they have a QF of 

1.0f 0.1 but if it is included the QF is 0.7. 

There have been two measurements of the 20Ne(p, n)20Na reaction at interme- 

diate energies, both at done IUCF. The first was done by the LAMPF group at 

E,=160 MeV [Dev+ 82,Rap 891. A strong peak was reported at 0.9 MeV in 20Na 

which is the analog of the transition to the I+ ,  T = l  11.26 MeV state in 20Ne . A 

preliminary analysis assigns a B(GT) N 0.12 for this state. A second weaker and 

broader peak was seen at 6.0 MeV. The angular distribution suggested that it had 

components of both AL=O and AL=l. The final results of this experiment have 

not been published. The second experiment was done by the Kent State group at 

136 MeV with a resolution of 336 keV [And 89,Tam+ 891. Preliminary analysis 

yields B(GT) =0.403 for E,=0-12.0 MeV which implies a quenching factor of 0.7. 



The final results are also not yet available. 

6.6 Comparison with Other sd Shell Nuclei 

The systematics of quenching in the sd shell have been experimentally explored 

by various groups using different probes. The major work was done by TRIUMF 

using (p,pl) and (n,p) , ORSAY using (p,pl) , and IUCF (two groups) using (p,n). 

The TRIUMF (p,pl) work consists of the measurements of the (5, p") reaction on 

24Mg and 28Si [Saw+ 88,Hau+ 881. The (5, p") reaction uses polarized protons and 

measures the spin-transfer parameters, along with the cross sections, to identify 

the transitions that involved spin-flips. The TRIUMF (n,p) experiments consist 

of (n,p) reactions on 24Mg, 26Mg and now "Ne [Hau 89,Hel 891. The analysis of 

experiments on the Mg isotopes are still only preliminary. 

The ORSAY group has studied spin-isospin excitations in many sd shell nuclei 

using (p,pl) reactions at E,=201 MeV [Wil+ 87,Cra+ 891. Their analysis, however, 

has been criticized on the grounds that the extraction of GT strength relies too 

much on theory. There is also some difficulties in distinguishing between 1+, T=O 

from T = l  states on the basis of angular distributions. The IUCF (p,n) work is 

the most extensive and consistent yet. Both the LAMPF group and the Kent 

state group have studied GT strength in many sd shell nuclei [Tad+ 87,Rap 891 

[And+ 82,And+ 871 [Mad+ 87,And 891. 

The results of all the work is shown in figure 6.9. The quenching factors found 

by the ORSAY group show a large scatter, which could be a result of errors in 

their analysis. The IUCF and TRIUMF work (except the present analysis) shows 

most quenching on the order of 60-70%. These results are consistent with the 

quenching predicted by the effective operator, or a renormalization of the ratio of 

the weak coupling constants to g A / g v  % 1.0. 



TRIUMF (p,p': 

TRIUMF (n,p) 
-r 

Figure 6.9: The quenching factors of different nuclei in the sd shell from IUCF, 
ORSAY, and TRIUMF. The dashed line represents a quenching of 60%. References 
are in the text. 



6.7 Conclusions 

The main purpose of the present work was to measure the GT strength in the 

A=20 system using the 20Ne(n,p)20F reaction at En = 198 MeV . This has been 

done and the GT strength is found for Ex=O-10 MeV in 20F . The strength of the 

1+ state at 1.0 MeV was found to be well described by shell model wavefunctions 

and the one-body free-nucleon operator. The GT strength found from the full 

multipole decomposition indicates no quenching of strength in the region Ex=O- 

7.5 MeV. However the strength distribution was not well reproduced by the theory. 

Much of the strength seen experimentally is in a continuum that comes out of the 

multipole decomposition. The proper interpretation of this continuum is unclear. 

Another purpose of the experiment was to see the dramatic effects of the spin- 

orbital interference in the M1 matrix element. The M1 strength of the 11.26 MeV 

state in 20Ne seen in 180" electron scattering is enhanced by a factor of five over 

the MI strength involving only the spin operator. This enhancement is also well 

predicted by free-nucleon operators. These results cannot be used to extract any 

information about MECs in nuclei by themselves since both the orbital and any 

MEC contribution could be responsible for the enhancement, and there is no way 

of determining their contributions separately. The systematics of quenching all 

across the sd shell must be studied to test the consistency of the shell model 

calculations before the effects of MEC can be examined. The quenching in 20Ne 

seen in the present experiment is less than that seen in most other sd shell nuclei. 

Whereas the quenching is usually on the order of 60-70%, none is seen in 20Ne . 

These results are tempered by the large uncertainties present. The quenching 

factor is uncertain to 25%, so it is almost meaningless. There are many reasons 

for this large error. The main problem is that small strengths were measured. 

Much more data would be required to decrease the statistical uncertainties signif- 

icantly. Another problem is that the resolution did not permit individual states 

to be resolved. This means that to extract the total GT strength the multipole 



decomposition had to be done. The use of such decompositions is quite problem- 

atic, especially when starting with data of low statistics. It is important to resolve 

the issue of the high lying AL=O continuum, seen in many (n,p) experiments, to 

properly interpret the extracted strengths. In the case of 20F , if the continuum 

of AL=O strength disappeared, most of the AL=O strength would in turn vanish. 

Most of remainder would be in the large peak at 1.0 MeV with a little in the peak 

at 6.5 MeV. If only the strength of 1.0 MeV state is taken to be real the quenching 

would be more than 60%. Future work on isovector excitations may bring the 

necessary insight. 

One other major result of this experiment was the development of the (n,p) 

gas target. This target has shown itself reliable in many experiments and is now 

an integral part of the TRIUMF CHARGEX facility. It will be one tool used to 

continue the work and further extend our knowledge of the structure of nuclei. 



Appendix 1. 

The final 20Ne(n, p)20F center of mass cross sections at Ocm = 1.62' 



Appendix 1. (cont'd) 

The final 20Ne(n, center of mass cross sections at 8,, = 3.3' 



Appendix 1. (cont'd) 

The final 20Ne(n, P)~OF center of mass cross sections at OCm = 6.6' 



Appendix 1. (cont'd) 

The final 20Ne(n, p)20F center of mass cross sections at Ocm = 10.72' 



Appendix 1. (cont'd) 

The final 20Ne(n, p)20F center of mass cross sections at Oc, = 16.2' 



Appendix 2. 

B(GT) and B(M1)  of first ten 1+, T=l states in 20Ne using free nucleon and 

effective operators and new wavefuctions from Brown [Bro 871. 

13.496 
15.030 
15.359 
15.863 
16.639 
17.114 
17.269 
18.705 
19.266 
Tot a1 
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