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PIGURE 22 Angular distribution coeflicients for proten radiative capture bransitions to 180 final atates

at E, = 6,13 + 6.9 MeV and F, = 12,6 + 13" MeV, |
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centroid energies are all in the 32 — 35MeV region, but only small variations can be . ' ET

of the ai coefficients. Differently from what is obsarved in *C and !®N, the resonances

expected by the inclusion of missing low energy points in the [1-46] integral. Thus one
has to reconstuer for oxygen the simple weak coupling assumption concerning 1p-1h dipole ks P ‘ o
excitations and the final nucleus excited states. No theoretical calculaticn is presently C Y T «

available. Do
o

1-13 Radiative capture to heavier nuclei and excited levels spectroscopy byt .

Radiative proton capture to odd-odd nuclei and to nuclei heavier thau oxygen has SR o
been limited by the relatively low Q values thai required high energy beams to explore SR
the region on and above the GDR, and the relatively high lcvel density that prevented, L
in the absence of very good resolution gamma sp.ictrometers, the disentangling of the : g
many radiative transitions involved in a complete photon spectrum. A comparison of SRR
the g.s. GDR's [142] as obtained from (p,v) experimenis shows large differences in the ‘
character of such resonances going from the smooth curves of *He and Be to the many . . Lo i '

strong structures observed in 288} and 32P to again a simple behaviour for 4°Ca. If L T

individual structures superimposed to the main GDR wide pealk, have been recognised « o N
for light nuclei as isolated structures or as many particle-many hole excitations interfering
with the basic dipole oscillation, 24Mg, 23Si and 328 present a complex situation which

cannot be cla.riiiﬁied by shell model calculations. As an example of such a complexity

', we can take the results ohtained by Singh et al. (143l in 288 in the range 4MeV < Y
g E, < 12.5MeV for transitions to the gs., the 1.77MeV 2% first excited state and to the
: .‘ s unresolved doublet 4.61(4*) ~4.97(0F) MeV seen via the 27Al(p,v,)22Si, The 60
- d% o VoA deg yleld curve was meastred with an energy definition of 15 keV and a large set of five

oo t -

point angular distributions was obtained for the two main transitions.The ~o yield exhibits "

an average resonant shape centered at E, ~ 19.6MeV with a width of about 4.5MeV,
with superimposed a large number of secondary maxima better defined in comfnarison
to previous work !, because of the small energy steps adopted. The integrated (p,~o)
cross section result i3 4u0eVb. A similar tren\d is shown by the #; yleld ciirve which is

also ~ 5 MeV wide but centered at B, = 20.8 MéV, a value approximately corresponding
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to (Bz(gs.) + L.77)MeV, as' if the two excitations were weakly coupled. The integrated
(py1) cross section is 410eVb. Gross structures in the #;4s yield curve are not seen
due to the limited energy range, but a steady increase is observed up to E, = 12,5MeV
which indicates, as subsequently confirmed [*44} the build up of a GDR based upon these
states too, The.angular distributions give conclusive information about the nature of the
observed resonances. The ~o distributions are usually isotropic within 20% with the 90
deg point changing from being the maximum at the lowest energies to being the minimum
at the highest E,. The v, distributions are usually peaked nearly at 90 deg and their
anisotropy increases with energy. The usual [1-4] expansion limited to n = 4 has been
applied to these data., In the 7o channel a3 and a4 are basically consistent with zero and
aq averages at about +-0.10 on the left side of the GDR to decrease to about -0.20 above
it, but showing only small fluctuations absolutely not correlated to the large fluctuations
observed in the Ag coefficient. The @y averages at =~ +0.07 in all of the energy regions
investigated. Since a, is the only sizeable coefficient one is led to conclude that we are
in the presence of a dominant El transition mode responsible for the large structures
observed, with superimposed a set of secondary peaks generated by the interference with
more complex configurations of the compound nucleus, but not so strong as to influénce
the behaviour of the angular distributions. For the 4y transition again a4 is basically zero,
but ay averages at & —0.10 and a; averages at —0.5 all over with oscillations larger than
those observed for the o case but again not correlated with the structures observed in
Ag. The a; is positive and averages at =~ +0.10. From this picture it is speculated that
E1l dominates the ~; transition, that more complex configurations are responsjble for the
gecondary maxima through their interference with E1 and that some B2 strength is present
in this channel as indicated by a sizeable as coefficient. The 745 angular distributions are
alimost isotropic. The near constancy of the angular distributions suggests a well defined
gtate for the GDR. Considering only Bl transitions these can occur to the ground state of
283§ only from 1~ compoiind states, while E1 transitions to the 2+ 1.77MeV first excited
atate can cecur from 17, 27, 3" compound nucleus resonances. These can be formed by
protons in the entrance channel configuration f 1 f gorpy which in pure 7 —J coupling will

combine with the J* = %+ of the 27Al g.s. to form a 1~ compound state, or by protons
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in the entrance channel configuration f_;, fg, py orpy to form a 2=, 3~ compound state.
dealistically a mixture of all pessible configurations is to be expected. For ~q transitions
fg —+ d3(E1) can be assumed small since it would involve spin flip. No distinction between
a dominant py or f'}' proton configuration can be made on the grounds of the ay values
only. In any case the obser,ed a coefficient (average value ~ --0.10) is very similar to
that expected for a pure p3 configuration and quite different from that expected for a
pure fy configuration (—0.36). For the ~; transition the only J™ assignment compatible
with the observed as average value of —0.50 is that of a 2~ for which az iz in the range
—0.50 < ag < +0.375. But no further discrimination can be made on the entrance channel

configuration for this 2~ state, since both a

0.42py — 0.79p% - 0.17f.§ + 0.41f§

)

(a2 = —0.5) [1 -84

and a

0.48py +0.26ps ~ 0.78fy — 0.32f3 (az = ~0.46) (1~ 85]

or even a lihear combination of the two, fits the data.

The advent of large, good resolution Nal spectrometers has finally allowed reliable
investigation of the « transitions to highly excited states in heavy nuclei, with the results
already obtained for light nuclei, on the GDR built upon excited states and the single
particle character of proton radiative captute, corfirmed despite the complexity of level
structure. A large set of data on the ?7Al(p,7)2%8i, *9K(p,~)4°Ca and 4°Ca(p,)*!Sc
has been reported by Dowell [144], As many as 14 transitions to final states of 288i have
been identified and their 90 deg cross section measured. The same has been done for 15
channels in 4°Ca and 9 channels in 4!Sc. The general trend of proton capture to produce
resonances built on basically any state of the final nucleus having a large superposition
with the entrance channel configuration, already presentec as evidence by Anghinolfi et
al. 178 for light nuclei is now strongly confirmed. All 14 27Al transitions show resonances
peaking at an energy just ~ 19MeV above the excited state energy, and a few MeV wide.
The same is found, with no exception, in all 4°Ca and 4!Sc transitions, indicating a weak

coupling between the dipole excitation and the single excited states. Angular distributions
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are not measured but, extrapolating what has systematically been observed in all other
nuclei, we can expect a basic E1 behaviour for these transitions with E2 sirength becoming
more and more relevant as the energy increases. A remarkable new insight provided by
Dowell et al. [144] [148]ig the observed correlation between integrated capture cross sections
and the spectroscopic factors deduced from pick-up reactions. Integrated cross sections
are in most instances proportional to the spectroscopic strengths and this fact finds a
attractive interpretation in a simple model envisaged by Snover [146] Referring to direct
photonuclear reactions one can think first of a dipole photon absorbed by a nucleus A
excited into a very simple configuration consisting of an inert A —1 core |xo > coupled to
a proton in a |n, £ > single particle orbit, followed by emission of the proton in a continuum

state |@ >, The transition amplitude can be written

AE
—~ Bgpr +il'/[2

D being the dipole operator, the term in square brackets being as usually the direct plus

Samne = [1 +3 ] < Xo; @|D|xoiné > (1 - 86]
1

semidirect factor, E., being the photon energy, Eapr being the energy of the resonance
of width T'. AE is the energy difference between the unperturbed particle-hole state as
described by a shell model calculation and the actual resonance energy which we Lnow is
pushed up with respect to the unperturbed value by the residual interaction. For E, =

Eapr we may write the cross section as

o‘;‘:p(’\/,p) = [(Eq - Eaif)z + r2/4]anl(7a P) [1 - 87]

When dealing with a physical excited state [t >, this may be represented as the

superposition of a set of single particle-single hole states of the kind just mentioned, through
the spectroscopic factors Sy described as the probability that the actiial nucleor level looks

like an A-1 core plus a nucleon in the orbital |n ¢ >, i.e.

Spe = | < ¢'|Xo;ne > |2 [1 - 88]

Taking into account the Clebsch Gordan coefficient for the coupling of proton and

target nucleus isospins, the experimental cross section for the emission of a proton from a
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nuclear level [ > at a GDR resonance energy Fgpr is

= AE? 2 né
Gear (WD) = F " Fomn)F £ T9/3 Z_;c 5(n)o"(v, p)

(1 -89

Integrating over energy gives

AE?
e 20, nt — 2
‘/.a",:,:,,clE.7 = E c S(..E)/ (.= Foon)? 1‘2/46 (1,p)dE, = E,,L C?S(nl) K.

[1-90]
where K, is the energy integral of the giant resonance excited upon the state |né >. K,
can be calculated in a schematic way 148 by summing up all E1 transitions between the
1p-1h excited state |n€ > and the states j3 which make up the GDR and integrating over
the resonance.

K,,¢=/ Y| < j2|Dlnt > 2 (1 —91]
GDR "

23
with j1 —1 < j2 <51+ 1 and /; = £+ L, TFor a single dipole transition < 2|D|1 > at
energy F|o the integrated cross section is given (147} by:

27
/ o(B)dE = 512 pa, [1-92]
tine he
and for the transitions involved in the GDR built upon |nf>
EdE-—47r2 ' 2 _4m? o~ Vit D
oon o(B)dE = - %:EmDaa =57 %szl < 72| Dy > | (1~ 93]
Introducing an explicit form for D one hag
[ otmyin =205 ma g [ it 2 -0
GDR he &

which becomes, writing z = 1/47/3rY10, introducing the effective charge ¢ = e—ﬁﬁ and

avei'aging over the initial m; values and suinming over the final mq values (since neither

m nor mgy is measured)

a0 U Ry Rk LR AT e St B B etk Mt padtes 1 i, & L Pl

Gakr

WA AN Y Do e v

LRt

o T LR 1T AR, XA Dot elirelin

' [EFEIS

P

B

D,




u - -
vy . - : !
R . " . b
N A r o ) - : . L p
IR b : - g = R
vy it . Yoo . . s
i E . 3 . o M . - i

-

{J
i R . . R
/[ - 4m 4 . . 2 3 2 . o
: lii -ﬁz‘:—;'ﬂ'e N/A ZE122J 1 Z | <sz2|Ym|_71m1 > l l/drr R1R2| ; ) o |
I NSt L L
N (47*‘) 26 < r>? : : . o ¥ |
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o 47)2 . . : o : SRR
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g 4 23, % it
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e 4 T o :‘;IY : 7\‘
- ! 4772 62 - 1 1.4 a =
o - 2T ar A2 e G2 (0 c 1oars Lya
- = (N/4) hc%—:<r> (271 + 1) (7151007 5) L
{1 —95] g ST )
‘”“““‘”%}, whers we have made use of the identity 1148 : LY
T 3 ‘3‘
2 7, | < 2al|Yiollsr > [ = (271 + V(15 10|Jz )25 [1 - 98] .
A A
s g In our case the shell |z > is not full, but only contains n = 1 nucleon, so sxpression [1-95] T &
L must be weighted by the ratio of n to the maximum possible number of nucleons in that ' S %‘“*
m“ﬁ‘ shell 2j; + 1. The total integral becomes '
. / o(B)dE = (N/A ZEW <r>% (3100723) (1 —o7] |
) GDR 1
. » I
' . The quantity < r >? can be computed from the simple harmonic oscillator radial ‘
B wave functions and according to which transition is involved, takes the form (147] % p |
S N /o where f§ is a transition dependent numerical coefficient, M s the nucleon mass and fiw is
v R )
- the transition energy. From the harmonic oscillator calculations one has
Ao e 1 |
2 L h -
G §<r> itz Liolinz ) st s+ 3) [1 98]
‘ ‘ and consequently putting Fia = fw for any of the transitions involved one has finally
LR a simple expression linking the integrated GDR. cross section to an excited state to the
" gpectroscopic factors for that state
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4n? 4 1 7 ) .
= -E;—-é-WeQ(N/A)?ZEmm—I Z |<12m2|Y10|J1m1 S lzldeTSRLRzl

(4 )

= 271 + 1 Z (1m110|72m2)| < ja||¥1o||s1 > |2
J myra
4
_ (4m)* 7r) {N/A)2 ZEmZ - 1(231 +1)| < #|Yiollis > |2

(47")2 z¢ 2 (o e '_2__.
3 m(N/A) hcjz,Em<r> (2JL+1)(.71210|J22) in

4 NAPL Y <r 2 (2 +) (71 £10)i22)?
3 fe = 2 2
(1 - 95|
where we have made use of the identity 148
| < dall¥iollds > 2 =

(251 +1)( 1—10|.72—)2 [1 - 06]

In our case the shell |né > is not full, but only contains n =1 nucleon,l so expression [1-08]
must be weighted by the ratio of n to the maximum possible number of nucleons in that
ghell 271 + 1. The total integral becomes

[G o a(E)dD———-( /45 EE12<r>2 (1510005 Ly2 [1 -]

The quantity < r >? can be computed from the simple harmonic oscillator radial
wave functions and according to which transition is involved, takes the form (147] A §
where § is a transition dependent numerical coefficient, M is the nucleon mass and fiw is
the transition energy. From the harmonic oscillator calculations one has
h

r<r>2 1‘“10']2 ) =m

Ja

(n+5+3) [1 98]

and consequently putting Eia = fiw for any of the transitions involved one has finally
a simple expression linking the integrated GDR. cross section to an excited state to the

spectroscopic factors for that state
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- aezp('y'rp)dE'I = (N/A c ZS(nZ (n+ + )
i T GDR i
R (1 —99] Lo
S = 2023 (né)Kne
Tl with |
e Kne=9.87(n + % + %) MeV mb (1 - 100] ‘
nhly Now the cross sections of two reactions the exact inverse of one another are related through i
Lt , ~ e
P detailed balance (0’1919} == 02g2p3) which is vulid for unpolarized beams and targets, where PE
B o1 and oy are the cross sections, g; and g are the statistical weights associated with the
. ‘ two interacting particles (in the specific case of (v, p) and (p,7) 2J +1 for the nucleus and i
T 2 for the possible photon polarizations) and py and pg are the momenta of relative motion.
e s 7 .
= "“‘:&; In cther words
E (2 +1)== ( ) = (2T a1 + 1)[A/4 + 1]?2Mc? 2By 22 (2,7) (1101}
; T ', dﬂ ””p A+1 E2 dﬂ p’”’
— ’m», ‘ where J is the spin of the final state in the A+ 1 nucleus and M the nucleon mass, Doswell
) assumes W (9) = (1 + azP,) which gives a v 1l cross section )
W“ o(pyy) = 4m/(1 - ‘_‘) dn (1) 900 [1~102]
: Sy
mf"j‘ﬂ and therefore a strong correlation between the integrated experimental data and the avail-
i O able experimental spectroscopic factors, namely ”
y
I dr do ‘
. ,‘ e (2T 4 1) [ == 7, =y (2] 0?2 -103
i o0 1) [ laole)dB, = e + D05 (n) 1108 |
DA The comparison between the two quantities in equation [1-103] using the Kn¢ of the E .
R o i
R schematic model, always gives very close results in all nuelei investigated and clearly shows %
b & ) * the preference for (p,~y) reactions to populate single particle state * as already remarked 78] 1
ity .“ﬂ for light nuclel. The accuracy with which K. values can be computed even from simple
AR models, offers the prospect of using radiative capture reactions as a valuable spectroscopic
B ' ' / tool even for states at high excitation energy to complement the information obtained in
LA " pick-up reactions, at least for those cases where the sum over né i largely dominated by
— { a single né couple.
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; CHAPTER 2
Y DESIGN OF THE HIGH ENERGY GAMMA SPECTROMETER
iy ,
N \’" 2-1 General Criteria for the choice of High Energy Gamma Detectors
; 1"/ oo «, Large Sodium-iodide crystals, in association with an anticoincidence plastic scintillator
e ?f"; shell have become the standard detection system whenever 4-ray spectroscopy has to be
Ty
s ’ performed with high efficiency, large solid angle, good energy resolution and convenient
g cost (Ml Tpe technology of semiconductor detectors and of very high Z scintillating
L ‘ll materials have begun to reduce, with their progress, the regular applications of NaI(T1)
e ‘,M in both low and high energy spectroscopy. Nevergzh%less the continuous improvements
s in the basic design of a typical sodium-iodide anticoin¢idence spectrometer (including the
" / ' complexity of design and the crystal growing and polishing techniques)!S!, have made this
instrument unrivalled in medium energy - spectroscopy, where semiconductor detectors

"cannot associate adequate detection volume to complement their excellent rosolution, and

high 7 scintillators cannot provide, together with their high efficiency, a total resolution

comparable to that of actual NaI(T1) detectors. Cost Is another important parameter

in the choice of such a spectrometer and Sodivm lodide offers by far the lowest cost at

comparable perfomances.

Nz ' 2-2 Mox te Carlo Simmulation of Shower Development in Detection Media

= The ability to predict the evelopment of the electromagnetic shower inside the detec-
/- tors is of the utinost importanc. both for purposes of design, when all detector parameters

must be optimized for best perforinance and simplest co, dguration, and in the data anal-

an

ysis stage, where the accurate knowledge of the réesponse function in radiative capture is
very important, since the presence of background and convinuous spectra generally inhibit
\ o the experimental determination of the low energy tail associated with the total absorption
. peak. This effect is patticularly important at photon energies abov « 10 MeV where energy

‘ . escape due to electromagnetic radiation losses decreases the total absorption efficiancy,

;
i
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enhancing the tail contribution in the observed spectra, A large number of Monte Carlo

calculations (19008 a5 well as a considerable amount of mgé.sﬁr;ments have been performed
and give complementary information about the response fu;xction and thé ~detecti-on ehi—
ciency of NaI(T1) scintillators of various sizes. At photon energies below 20 MeV re_liable
estimates are obtained by an accurate evaluation of ionization energy losses and geomet-
rical effects, while radiative energy losses can be reasonably treated!?irnhroducing' sharp
approximations. At higher energies radiation losses become dominant and the sirulation
of the electron r~ndom walk in the scintillator requires a detailed description of all the
Welectromagnetic processes|. We developed, for cylindrical scintillators and photon
energies up to the GeV region, a Monte Carlo code to simulate the history of tha elec¢tron

photon shower on its way through the scintillator, with particular attention dedicated to

the description of the ra.di.a.tion losses.
Three points have been emphasized:
- Ionization energy losses and the multiple scattering effect on the electron and positron
trajectories have been taken into account
= The bremsstrahlung energy losses have been included in the calculation using electro-
magnetic cross sections approximated in the infrared region

- Positron annihilation both in flight and at rest have been included

2-3 Outline of The Program

Standard Monte Garlo methods (16)(17] are used to follow the history of a photon and
the related electromagtetic shower through a radiation source and a Nal(T1) scintillator

detector, Three main parts should be highlighted in this program:

Geometrical Routines
Photons are generated randomly from a cylindrical isotropic radiation somrce, as well
as from a parallel or divergent beam with angular distribution P(9,) inside the detection
golid angle AQ and with given energy spectrum n(Ey). Up to 8 cylind;i.t:al coaxial elements,
including the sotirce,  the active scintillators and our passive (lead shields) ele-

ments, can be included in the spectrometer assembly,.  Self-absorption i the source s
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]
s taken into account. Geometrical routines update at any interaction, within the source or
' f the detector volume, the position and the flight direction of photons and propagate them
o IR up to the next interaction point or to escape from the crystal edges. A cut-off energy is
S fixed (30keV in all our predictions) belovs which photons and electrons are considered to
] L v be completely absorbed.
o ,'l"‘
‘ s Photon Interaction Routines
LTy
oo These routines sclect the electromagnetic interaction and the final state parameters.
o0 /;P ! The photon is converted after a pathlength Xo in NaI(T1) with probability
: /“"’“ '
av P(Ey) = 1~ ¢~ XoBtat(Ex) (2-1]
*«W‘m where
o - Bear(By) = Zpn(Bq) + Lo (By) + Tpp(Esq) (2-2|
is the total absorption macroscopic cross section including photoelectric effect (ph), Comp-
ton scattering (C) and pair production (pp). The relative frequency of each {nteraction is
given by:
S T ’ Dy (B
; ‘ ‘ !l( "1) [2 — 3]
Lk Etot(Eq)
R where 3y ([, ) is the process macroscopic cross section as computerd by quantum electrody-
R namics 8, The kinematic parameters, namely E., and angle 9, of the final products are
A N ) . . . N
chosen using differential cross sections doy/ddy , doy/dEy and the generation of raudom
. oy nurmbers go and gg 116147
ER s 3 ~
. ;} , 00 - [y ! do/d¥ dd . [o Vdo[dE dE (2= 4
. N IR 9 = ] oy e =
N Jo doy,/dd db [Fm doy, [dE B
h T 1 [l + 3 ] .
SR RIS RO For « two body reaction only the angular distribution do/dQ Is required, since the
“ [ [] 3 4 y ¥ (Yo 3 .
. 't . kinetic energy By, and the emission angle 9y are related by kinematics. If a Compton evert
: s ctiosen, the photon scattering angle ¥, is samy.led from the KleinsNishina cross section
"\wf 3
W
o "
R
o - L
U P (
- ‘}1 i ’ ) X
o 1
il '
i l"‘)l ) 3
{ ’ "1 ‘ . \ K ’
B s Cae i SO A u&:m%‘,.",»-ﬁﬂm;‘wummu:ﬂ\&m\awﬂ:h}bumu DU & AT R Lo et s ot 5 RS VAL e ¢ SR o ST ;,;‘,i‘;f-m“”:p A ,"Q’..,'ﬁ’éwb%ﬁ\




-

W

doe, 1, 1+cos?d, a?(1 —cos¥,)? ] 23

an T2’ [t + a1 - cosd,)]? [1 + (1 +cos2 9,4)(1 4+ a1 ~ cos ¥,)]
where « = B, /moc?.

The energies of the scattered photon cd electron as well as the electron polar emission
angle ¥, are consequently defined . ‘The azimuthal angles ¢, and @, are opposite and
uniformly chosen between 0 and 2.

When photoslectric conversion is selected, the photon energy is completely trans-
ferred to an electron whose flight direction is isotropically chosen.

When pair production occurs, the photon energy is randomly divided between
the positron and the electron and their emission polar amjle 9. is sampled from the

approximated probability distribution:

9pdds
(9% + (1/ez)?]?

with A = 2(n%a3 +1)/7%al, and ax = By /rnge?. The azimutial angles .. and . are

P(¥s) =4 2~ 6]

opposite and uniformly selected betwéen 0 and 27

Electron Interaction Routines

The interactions involved favour in most cases photon-election conversion and the
final electron path has to be followed., Positive and negative electrons lose energy in their
path in the scintillator by different electromagnetic procesges:

i) The interaction with tie atomic Coulomb field leads to the well knowr specific

jonizatioti energy loss

2 2met moc2f2(By - moe?) p
=N Z"*‘moczm{"‘ : 'zz,?(lfﬂz)o -2 [2(1 - p%)% - 1+ 7]

ton i=1
+1-ﬁ2+%h—(1—ﬂﬂﬁﬂ2~5}

2 ~7]

where I; = 9,1z;(1+1.92, 3 °) is an average ioniﬁatign energy 1191(20], 5 {s the density effect

term (1], and N s the total nunber of NaI(T1) molecules per unit volume,
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ii) Radiation energy losses,which become dominant in Nal(T1) above an electron en-

ergy of 20MeV, are decribed for the i-th atom by the cross section

2?78 dk By =kygy 1 @u{w) 1
do‘kl\'"—l*ﬁ_k—{[l-‘-( E:l: ) ][ 4 _‘é'ln.?‘]-*- [,"_aa]
_2Bamk@aln) Ly i}
38 Ei 4 3
for 4; = 2 and
dowl; = 4357 % [H( 7o) T3 Bz _—
DMM - \1 "c('j‘)
moczk 2 t

for v > 2 being % = [100kmoc?)/[Bx(Bx ~ Ic)z;'z/ % and ®y(w))B2() () the
scruening factors (21, Cross sections (2-8a] and [2-8b] give the emission probability of
a bremsstrahlung photon in the energy interval k < k -+ dk by an incident electron of en-
ergy Es. The emitted photon energy ranges from 0 to By — mgc? with an apps sximated
1/k dependence and consequently a divergent behaviour at k =0 ( infrared divergency).

The probability function

Z?:l(fok ddk“:)

a I L e a
P ou* e d”kli)

P(k,Ey) = [2-9

required by the Monte Carlo techiique Is numerically undefined. We have therefore as-
sumed discrete photon emission abave a threshold energy [y, and contintous radiation
energy loss at lower energies . If we define for our medium:

d By "2 aEh
ML 3-19

the total continuous energy loss can be assumned as the sum of a lonization (ion) plus a

soft radiation (BS) cornponent:

dBy _ dFy

N ~ dEy
: de  dz

, dz

1on

(2 11}

BS
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Above Ey, the integrals in [2-9] are convergent and the random number generation

can be achieved, assuming

.

3

E4~mpo
ops(Bx)|; = fE . do);
t

[2 - 12]

as the total bremsstrahlung cross section for each atom. The energy dependence of the

corresponding macroscopic cross section

2
Zas(Bx) =N ops(Ex)

=1

reported in figure 1 has been fitted, for Ey, = 300keV in Nal, by the expression

i

Lps = 0.205(Ey = 0.511) , By < 5MeV
= {.001E4 + 044 ,5 < By < 10MeV
= 0.5794 In(Ey + 0.489) ,10 £ E. < 300MeV

in units [em™1].

iil) Positrons at rest annihilate creating a photon pair of 0.511 MeV each, isot

emitted in opposite directions . The annihilation probability is assumed to be

2 - 13]

(2 —14]

ropically
1 in this

case. Annihilation-in-flight has also been taken into account; the two photons are emitted

at angles 4, , ¥ with respect to the positron direction with energy ki and kp given by

¥#1 =-arctan sin ‘;"2(;;0631/2 [2-— 15a]
g = arctan sin Zaz(clo;ﬂ/f:,)l/z (2 — 150]
ky = gij-ém-°—°2(1 + f¢08 Yom) [2 - 15¢]
ko = Ei%ﬂﬁ(l —fcosPom) O [2 - 15d]
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where ¥, is the photon emission angle in the center of mass system (¢m). Since in this
system the angular distribution is isotropic, ¢os ¥, is uniformly chosen between 0 and 1.

The macroscopic cross section for the annihilation in fight is [22l:

D ap = Nyl 5 u dPtda+l 2 _ \1/2 2 _ {y1/2
AF = wroza+1 pep) In{a+ (a? - 1)1/2 - (@ +3)(a® - 1)}/2} (2 - 16]
=1 ’

with & = Ey /moc?.

The electron path has been computed assuming,between two subsequent radiation
points, linear trajectories,where the initial electron energy E.. is slowed down by continuous
(ionization + soft bremsstrahlung) losses. After a path length = the emission probability

of a bremsstrahlung or annihilation photon by a negative or positive electron of energy

®dEy
.E:b-—'/(; —‘-im—dz [2—17]

in the z - z + dz interval is given by:

2 ai 4 ]
P(z,Ey) =¢” [f5 wEan [ Bidar] p( By —~ %dml) (2 — 18]
0

where obviously

Bt 4B,
o< RilEs)= [ (SE) s 2 19]
0
and
M(E;E) = Egs(E:h) +- EAF(E+) . [2 - 20]
Strice it ¢an be shown that:
Ry ; FTrs -1
" P(s,Ba)dz=1—¢ 3 wBan [ i damyaa] (2 -21]

the sum of radiation and non-radiation probability result:iigol:'?ectly normalized over
*he ionization range R;. The path lsngths can now be determined by a uniqueé random
rumber generation in the 0 = 1 interval;
if gz > P(Rr, By)
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1;‘ B all the energy is released for continuous losses and the electron path is coincident with Ry;
A
" 17 if gz < P(Rr, Ey) :
- a photon is emitted by bremsstrahi. ag or annihilation-in-fligh’ after a path z given by the | e ‘
o usual Monte Carlo rule e \f {( X
. » ' "}{F/ : ,‘ ‘i
¢ ‘u. . * = ! . \;‘: . - l',-
§ 0 = f P(at, By)dat (2-22) |
o 0 o "_‘w,§
e Numerical values of the probabilities P(z, B.) at various Ey, energies are reported in [ e ;
¢ . e IR S o
. figure 2 . In all cases for computing convenience, the Monte Carlo integral P ” J ‘ S AR .
‘ = 5
. R(z, By) = f Plat, By)dat (2 - 23]
» o
e has been fitted 123 by the expression (figure 3): o
A R(z,Ey) =1 - oBt)= (2 - 24)
S with ‘ S o
S 0(E+) = 0.1611n(Ey — 0.511) ~ 0.307 Ey > 2.5MeV | | | - ‘ .
s 225 e Yy
A £ 0.06(E:§: ~0.511) By <2.5MeV L ‘ '
e (in NaI(T1) and for By, = 300keV) which leads to an analytical solution of equation (2-22] '
M
G leading to a path length .
| In(1 - gz)
o P i 1 226 %
a(By) [ ! f
v As mentioned before, multiple scattering makes the actual electron trajectory between ! ‘,;;
!, ] M ) i . ! ‘\
S two radiation points a sort of random path lengthy to be followed, We have approximated J
g _ ; N
o it by a straight line segment of length = making an angle 9., with respect to the previous I
T, o ) electron flight direction. The equivalent Coulomb diffusion angle 9, #7 has been chosen as i (,‘:J'
p E an average of the mean square multiple scattering angle (24 between *he initial Ei and 1 '
, , i
the final Ei electron energies: ; v
.
1 By |
,92y=~.__.._..__/ <9 >pdE 2 - 27 !
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o e 7 where < 92 > is the multiple scattering angle (241125], By this procedure the electron is fol-
' NIRRT lowed up to the subsequent radiation point; the relative frequency between bremsstrahlung

and annihilation-in-flight being determined by the ratio of the macroscopic cross sections

R a at the final electron energy E4, The bremsstrahlung photon energy k is chosen according
Y to [2-9] in the range between Ey, and E_{. using the previously quoted electromagnetic
Y cross section [2-14], For annihilation photons the energies k; and k2 and the polar angles
¥1 and ¥, are selected according to [2-15].
D ':., In the program the emission point, the energy and the flight direction of each secondary
- e emitted photon are temporarily stored and the electron history fc;llowed again up to total
- b enerfry loss, annihilation at rest, or escape from the crystal boundary. Then the program
* 1" " recalls the secondary photon parameters and follows the photon-electron shower by the

same procedures.

2-4 Code tests and discussion
The most delicate approximation involved in this work is the numerical evaluation of
the bremsstrahlung cross section [2-8] in the low energy region. Since this approximation

should strongly affect the interaction probability (2-18] and, through is, the total electron

range, we have checked our calculations by the comparison of the computed electron miean
ranges with the predictions obtained by other methods. The range distribution function

in NaI(T1) at different electron energies is reported in figure 4. The distributions are

approximately gaussian in the electron energy interval where the total range is much
P lower than the ionization range R [2-1?ng\ith a percent straggling approacking 40%.
. A At lower energies the maximum range isAby B The energy dependence of the Monte
RCEPRE Carlo mean range < R> = [RP(R)dR and straggling (computed without multiple
Ly seattering) § = (f(h = < R>)2P(R)dR)!/? , are reported in figure 5. The full curve is

. » an average range R,y calculated in the continiious slowing dov approximation over the

E

whole bremsstrahlung energy interval
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L Qe ke 07
S v | e =N§2:/E:h ™ ko] di [2 - 20]
: rad i=i/o .
L Our Rgy values 129 are in excellent agreement with similar calculations and coincident ‘ e ?
T . up to electron energies around 50 MeV with the computed < R >4 above this limit the curve " ‘ _
ol gives values systematically higher than our evaluations. This disagreement is not surprising 5 ’ G i
W since formula [2-28] ignores large bremsstrahlung losses; and the rate of radiation lose, . IR T ©
2 along the entire track, is always equal to the mean rate dB../dz|.qq. Range calculations o A 7
' o performed using shower theory and the Monte Carlo method by Wilson 127} give < R > X ok . :
T - values about 20% lower than our estimates with a straggling §/< R > still around 40%. A ; ‘;“; 3
S maximum difference of about 10% between < R > and R, below 300 MeV, .5 reasonable . : . ' TR
¢ ' {x‘ and is in support of the reliability of this code. ‘ T NNy L
e *..{5*,:' On the other hand the intrinsic response function F,(A, E,) i.e. the pulse height SR
/ A distribution corresponding to n monochromatic photcns of energy FE. incident on the
v scintillator volume and the percent efficiency
mw , e(B,) = ;11- fo o Fo(A, Br)dA [2 - 30] "*4»*,4
)‘“' 1‘-@:;..? has been evaluated by the code at different photon energles and detector geometries. The |
i xm comparison of the observed response function S,(A,E,) with the experimental data re- : \
\\ ) quires a folding of F,,(A, E) on the experimental resolution i
l.:_.’f:"
S Sl ) = / Fa(A1, B,)G(A! = A)dA! (2 - 31 ;
e . =‘ where the resolution function iz assumed to be gaussian “ «
Y
A G(A = AN = —aeL——e'% (2 ~ 32|
e 2ro(A)
' b and o(8) = ay/A + DA consistent with statistical arguments, It should be noted that at
\ e ) photon energies above 20 MeV the statistical resolution o only affects the high energy side
of the absorption peak, the remaining features being mainly fixed by ‘he energy escape
/ ’ y orobubility, Parameters; a and b have been determined by a simultaneous analysis of a
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get of measurements from the same crystal 28](28]; {1, the other cases a reasonable percent
resolution of 10% at 0.662 MeV' (137Cs) has been assumed.

A systematic set of measurements af photon energies between 9 and 60 MeV has been
performed by the LADON group in Frascati 128) using their monochromatic and polarized
photon beam!®9), The parallel beam was face centered on a cylindrical NaI(T1) crystal and
collimated to a 8 mm spot. The experimental results are reported in figures 6 and 7 together
with the computed response functions; the agreement is generally very good except in the
case of B, = 30MeV where the Monte Carlo predictions seem to overestimate the tail
at the lower A values. Unfortunately the peak tail has been experimentally determined
afiar subtraction of a low intensity photon spectrum due to bremsstrahlung of the electron
beam on the residual vacuum of the ADONE storage ring. This subtraction makes the
experimental data less reliable in the low A region and does not afford any conclusion on
“he observed discrepancy.

Monochroma.tic capture photons from *H (p,40)*He reaction with By = 20.5MeV
have been used 31 to measure the response function of a cylindrical NaI{Tl) crystal.
Photons were collected 76cm away from the target and collimated to a spot of 12cm
diameter on the cylindrical face. "The response function Sn(2, B,) is plotted in figure 8a
together with the computed curve. In this case the calculation has been performed uging
two different values for the effective bremsstrahlung threshold, namely E¢ = 50keV and
By, = 300keV.The agreement is excellent over the whele A range and the dependence
from the assumed threshold practically negligible.

Real m01iochror;1atic photons have been obtaine& in Saclay (%2 by tagging the forward
emitted high energy annihilation photon with its low energy partner. The response function
at B, = 46,6 MeV of their ¢rystal is shown in figure 9; the beam spot at the detector face wasg
19.5 cm diameter and the collimation solid angle 5 10~9 sr. The agreement is completely
satisfactory also in the low A region observed in this experiment without subtraction,

Apart from the few examples gslected for this discussion, due to the fact that they
coricérned real monochromatic photons of reasonably high energy in single sodium jodide
crystals; the reltability of this code has been exstensively proved in the past years when it
has been applied to the systematic deconvolution of high energy capture o ra\y spectra,

‘{31‘:;

NS
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and in comparison (32l to other relevant simulation codes (18] at energies even in the GeV

range.

2-5 Configuration selection and geometry calculations

As we have seen, the experiment can be carried out reliably up to about 60 MeV, but
in the region of higher energies, where this detector ismo belspeciﬁcallyfused, any
increase in the background-to-signal ratio will penalize the evaluation of the contribution
due to the low energy tail associated with the total absorption peak. Computed figures
give ‘eliable and sometimes unique information, to bé used both in the design stage, as we
ghall now see, and in the deconvolution of experimental spectra.

We have followed a design philosophy which has permitted a series of refinements
resulting in an appreciable improvement of the overall detector performance 18!, The con~
figuration which we use for calculation of the detector purformance is sketched schemati-
cally in figure 10; it includes as gensitive elements a main NaI(T!) crystal and two plastic
scintillator detectors, one as a front plug and the second as an annulus surrounding the
main detector. Also included in our considerations are the substantial lead shields which
gerve to collimate the primary photon beam but also to reduce the environmental back-
ground and to convert the hard muon component of the cosmic radiation. Optimal detector
dimensions are reported in the table associated with figure 10. The code follows the de-

velopment of the electromagnetic shower inside these shields in the same way as it does

iri the active elements of the spectrometer accounting for collimation effects and eventual
conversion of primary photons (34, Additional shielding lavers for neutron moderation
(e.g. paraffin) and neutron absorption (e.g. LiH) may be required to reduce the diffuse

neutron background but these have not been included in our calculations.

Critical dimensions which we determine are firstly the length and diameter of the

NaI(Tl) crystal, since these affect both the resolution and efficiency, and secondly the

thickness and length of the anticoincidence shield, since these determine the aficlency
of rejection of the energy escape from the crystal boundaries as well as the efficiency of

rejection for the cosmic component.

Regarding the correct Nal('Ll) s'te, we can show, by comparing the results obtained
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for a single crystal illuminated along its axis by a photon beam of energy up to 100 MeV,
R B that while the detection efficiency exhibits small variations 15} with the absorption length

when this increases above 20cm, never_the Jess the resolution (figure 11) continuously

R improves up a to detector length of about 35¢m. This detector is therefore chosen to have
a length of 35.8 cm. The crystal diameter,as in all of the few large 4-ray spectrometers now
O in operation,is chosen to be about 24 cm. This matches current manufa..turing capabilities
and has proven to be effective since it represents a good compromise between the angle of
R collection for the reaction photons, which must be kept reasonably small (&5 deg) if one is
v to resolve details of the experimental angular distribution, the efficiency of collectior of the
S eleciromagnetic shower and the need to reduce the crystal volume in order to optimize both
= the light collection (and consequently the resolution) and the overall cost of the device.
With an efficient anticoincidence shield a crystal having a diameter of 23.8 ¢m, such
W as this one, can be used for photon beams up to 100 MeV with no appreciable loss of
” / eficiency while still maintaining a reasonably small angle of collection and a convenient
detector-target distarce. The distance will be set in our case at 120 cm since it will then

allow efficient «¥ — » discrimination by the time-of-flight technique, while still subtending

ROt ﬂ at the detector a solid angle of 20 msr and a collection angle defined at 4.2 deg.
Team For this assembly we have studied particularly [3¢! the effect of the two (front and
o . lateral) anticoincidence detectors. They play some important roles in the overall perfor-
B marice of the spectrometer. Firstly,they detect ‘escape events and, in the anticoincidence
, (reject) mode, they maintain the best peak energy resolutionalbeit at the expense of the
Wi detection efficiency. Secondly,they provide rejection for external cosmic ray events, which,
O for radiative capture reactions at high energies; will have a count rate comparable if not
« B bigger than that for "true” events. Thirdly,they act as moderators for the (slow) neutron

' background, biit the code used is not able to account for this effect.

[ 3 In computing spectra for the anticoincidence configuration we choose to group vhe en-
JRE ergy deposited in the NaI(Tl) in intervals of AEy = 0.01E,;,  We then consider vhe effect
VS of the front plastic scintillator on the resolution and efficiency of the spectrometer for four
; incident energles, 25, 50, 75 and 100 MeV respectively (figures 12 and 13). The combined

A anticoincidence shield (annulus + front disc) has an outer diameter of 48.6 cm, the annulus
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being 9.86 cm thick and 60.9 cm long, Errors in the efficiency curves are not shown but a
relative error between 1.8% (25 MeV at 200keV threshold) and 3.4% (100 MeV at 30keV
threshold) represents our best estimate. The 1% resolution values at 25 MeV (Bgures 12
and 18) reflect the fact that with the selected energy resolution of AE, = 0.01 Ey, the
contribution of the total absorpticn peak is limited to one single energy channel in cur
computer calculation, and indeed clearly separated from those of the first (£, ~0.511 MeV)
and second (B, —~ 1.022MeV) escape peaks. The 30keV anticoincidence threshold case
(figure 13) and the 200keV case (figure 14) do not show substantial differences in either
efficiency or resolution for a front disc of 8 or 10 cm: the efﬁéiency curves are found to vary
smoothly in that range, and both sets of resolution values fall within the computational
errors ( although some small fluctuations are revealed in these curves), Front cap thiek-
tiess of less than the 8 cm selected are not recommended since, as can be seen, the FWHM
vaites (expressed as a percentage), increase appreciably for a smaller dise thickness or for
higher energies.

In a similar way we consider the combined effect of the disc thickness and both the
annulus thickness and its length. For photons of 50 MeV and the two different anticoinei-
dence thresholds used (30keV in figure 14 and 200keV in figure 15) we have plotted the

efficiency (figures 14a and 15a) and resolution (figures 14b and 15b) as a function of three
sets of parameters given in Table I,

TABLE I

Anticoinciderce size

Case - Annulus length - Ann, thickness Ann, and disc diam,
1 . €09cm .86 om 48.6 em

2 60.9 8.86 46,6

3 45.9 0.86 48,6

As is evident from the calculations a reduction in the annulus thickness (case 2)
improved the overall detection efficiency for the full anticoincidence detector configuration,

since the smaller yolume of the annulus in which the interaction takes place of the escape
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Cens b gammas, reduces the rejection probat - Ontheone hand, not extending the annulus
TR over the full main crystal length introduces no appreciable changes in the efficiency and - S -

resolution results,since the main crystal length .3 already quite adequate for this

- diameter to contain in the crystal volume the full electromagnetic shower for an incident

photon of even 100MeV. On the other hand)it is obviously important to reduce by as much

=
et T
]

R
e —

o as possible the solid angle for cosmic rays to reach the main crystal with zero (or vary low)
probability of interaction in the anticoincidence shield. For this reason the exti .sion of a

thick annulus (~ 10cm) beyond the end of the Nal(T1) crystal must prove worthwhile.

£ Based on these arguments we have selected the set of detector parameters reported in
T figure 10, for further representative saleulations. o 5,‘ s
“lor The detector response functions for this configuration, for both the single main crystal - ;
and the full anticoincidence tonfiguration, are prescnted in ffgure 16. T!:¢ good intrinsic L ‘ Sy ‘
energy resolution obtained in each case up to 40MeV incident gamma energy as well as 7 "

a / + ] the evident improvement introdinced as a result of using enérgy escape rejection in the

high energy response functions, confirm the excellent performance characteristics of such

.
N
*.

a configuration. Detector resolution and efficiency are the fundarnental parameters of any

"
B , &
B spectrometer and are presented for :his instrument, in its fnal chosen dimensioned con- : : - %
' | )
7

figuration, in figures 17 and 18, Also showm in figure 17 are the actual meas wa” FWHM

o g, experimental points taken on the nearest similar spectrometer 1, The overall resolution g , e

i

o !“*! i {

// e g of such an instrument depends on three terms: N }
i : ‘

has

- RB(E): the intrinsi¢ resolution which, as we see from figure 17, is energy dependent : ‘ =
- Rg(B): atermrelated to the statistics associated with the number of photoelectrons i ;

| collected at the photocathode and with an energy dependeiice given by Rg(E) = |

) 1/+/PE where P is the average number of photoelectrons collected per unit energy

P S released in the scintillator

- Ras a term rot related to v'ergy but depending inter alia on the uniformity

and efficiencv of light collection from the detector volume, on the uniformity of the -
photocathiode response and on the gain stability of photomultipliers. =

|

] . ,

"‘} Our frnal detector conflguration incorporates a series of quite remarkable technical
|
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L]
o improvements which prove to be highly effective in reducing Rq, resulting in an over-
¥
' all excellent performance up to 46MeV (figure 17) as measured on the nearest similar
instrument(®l, This point will be discussed later when describing the construction details
Vg of our detector. The three resolution terms couple quadratically to give
;- Rp(8) = \/B%(E) + B3 + R}(E) [2-33] .
LI v
TR As shown in the data of figure 17, the experimental points (for BNL) show a trend
o ‘of improving resolution with increasing photon energy up to about 25 MeV, where the o ') ,
. L statistical contribution Rs is dominant and the intrinsic By still negligible. In the region o
S between 25 and 50 MeV the statistical contribution falls below Rq while the effect of Ry is y
> still not appreciable, as is shown by the constancy of the experimental curve, reflecting a
L behaviour typical of an energy independent Ry term. Above 50 MeV the resolution figures
) ww""’ will certainly deteriorate due to the greater effect of energy escapes on the crystal response : oy
\'1
4 S function, ‘ R
)
o Taking these results into consideration we can infer also that this instrument can be
; i operated at high anticoincidence thresholds (200 — 300keV) up to E; = 40MeV which )
e L will improve the count rata capability without any appreciable deterioration in the overall
el FWHM energy resolution. But above 40 — 50MeV it should increasingly be operated at '
- k the lowest possible anticoincidence threshold (typically 30keV) since in this energy region : :
. the peak resolution will be the major limiting factor in the spectrometer performance.
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jh.M s CHAPTER 3 / o
; SPECTROMETER SET UP AND TESTS ' L
& B g
: . 3-1 Spectrometer layout S o N
. R The actval High energy Anticoineidence GAmma Ray (HAGAR )spectrometer has - )
;{ 5, f{ the configuration indicated by the cut view in fgure 1, It consists of three detectors: ; :
EREPCRC ‘ e
| o M\ - a NaI(T1) cylinder (@= 23.8cm, height= 35.6cm) seen by seven RCA 4000 7.6 cm Sl
’ ‘ o ' photomaltipliers; ;
:-. N - an annulus of plastic scintillator (BC408) (inner €~ 28.86 cm, thickness= 9.84cm, '
| length= 61 cm) divided into six optically separated sectors each seen by two Amperex ’
XP-2202 5 cm ph.womultipliers; ‘
- a front disc (9= 48.58 cm, thickness== 8 cm) seen by three XP-2202 photomultipliers S e
sitting on the disc side and spaced 120 degrees to each other. |
: The assembly is completed by a cast modular interlocking lead shield exteAing both .
g . »é/ laterally and in front for a shielding thickness of not less than 11em with a maximum of A
b i N 0 \ 25cm in the direction of the target, Photon collimation is insured by a compouent of this
| l « :f | -itfeld which can be sasily replaced if a different solid angle has to be selected. In the test
. I~ runs we are now considering, the collimation was such that with the sodium jodide front i
" kA ‘ » ' surface positioned 120 cm away from the target, the whole back surface of the crystal was
' ” , ; spaniied by the reaction photons. This is precisely the situation shown by the spectrometer !y
J » gection of figure L.
The detertors huve beer mamifactured by Bicron Corporation, following the remark- L‘ o
able improvements obtained with the Brookhaven MKIIT model (], The characteristics of
thiese detectors are: l
a) the NaI(T1) is grown as a single ingot; Bicron being the builder of the largest sin-
gle ingot crystals in the world, with factory capabilities already at a record size of
1010 ¢'x 101n, With such large sizes involved twe factors can serinusly affect the de- ]
o A i A A 0 e s+ 1 Rt ot o st et Lo e A 8 e A ¢ 3 o Rt SR T i i bt it sk e s
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tector response uniformity if not taken under stringent control. One is the possible
non-uniform distribution over such a large volume of the crystal dopant (Thallium).
This is dependent on the crystal growing technique, but the results obtainable with
current facilities are definitely satisfactory on this point. The second is the ultimate
variability of the reflection properties at the crystal edges, which could be due both
to crystal cutting and polishing and to the application of the reflector layer between
crystal and housing. Non-uniform surface patches could therefore affect the intensity
of emitted light, to an extent depending on the smaller or larger solid angle under
which the patch is seen from different crystal points and consequently produce consid-
erable disuniformities over the volume of interaction for the detected particles. The
techniques to achieve the best surface perfection are continuously in progress, using a
multiple muon scan over the whole scintillator volume. The factory process that has
been adopted for our crystal, is still the most usual and convenient in the size range
of our interest. It consists of an accurate polishing of the crystal surface and deposi-
tion of the reflector layer, imposing uniformity contraints at 6.13MeV (?44Cm - 13C
gource; average penetration depth 8cm }, instead of at 0.661 MeV as usually before (
187Cg; penetration depth lcm). We shall see how iterating this polishing technique
improves considerably the uniformity of light collection from any point of the crystal

and therefore the ultimate energy resolution of the detector.

The plastic shell is divided Into six optically separated sectors each seen by two photo-
multipliers. This ensures much better light collection than that of a single annulus or
a double semi-shell anticoincidence shield, There is a double advantage in doing this,
namely in overall resolution and in uniformity. The resolution of the entire annulus
can in fact be improved on that of a single sector, provided & corvect intercalibration
is made to reduce the non-unifermity contributions thus allowing a more precise def-
inition of the energy threshold in the anticoincidence detector and a more accurate
rejection of events falling on the peak tail, The inclusion of the front dise, whose
geometry cannot match the same, excellent light collection conditions of the annulus
sestors, does not alter appreciably the overall performance of the (annulus + disc)

anticoincidence shield that can be tuned sector-by-sector for a negligible response
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uniformity spread. This avnids square summing of the uniformity spread contribu-
tiot . light collection statistics which remains,in practice, the ultimate parameter
resporsible for total energy resolution,

great care has to be devoted to the shert and long term stability of the Nal detector,
since the radiative capture cross sections are in the range from some ub/sr down to
nb/sr and require long counting statistics, a condition for v;hich any gain instability
could even result in the total smearing out of kinematically defined peaks. Photo-
multiplier drifts and gain variations as a function of time and average anode current
are long since known and are expected to be predominant with respect to electronic
chain drifts and gain changes. We use therefore stabilized photomultiplier bases on
the main crystal phototubes. We could also think of using a precision light pulser (
e.g. model BNC 6010) to monitor inclusively the photomultipliers and the electronic
chain against beam related instabilities, However radiative capture experiments run
at tandem energies for test purpose are very little sensitive to gain stability effects, as

will be clarified below.

3-2 Detectors Uniformity

Anticoineidence shield

The photomultipliers on the plastic annulus, and in particular the two on the same

sector, can be tuned for equal gain making the comparison at the half height channel of

a 137Cg peak along the trailing edge. Tests were performed passing alternatively each of

the PM anodes through a passive Mixer box, a Canberra 2020 amplifier and a Canberra

8080 MCA; 1 us shaping time was selected for the amplifier. Before analyzing any result

one has to consider that the energy calibration , the surface uniformity and instrumental

resolution are not straightforwardly determined for the plastic sectors and disc because of

the somewhat complex response function of such detectors to photons of ‘energy around
1MeV,

Due to the low 7 and density of the absorption meditim, the total absorption prob-

ability for the 0.662MeV peak of 18705 and the 1.17MeV and 1.33MeV peaks of ®°Co

is low compared to that of other possible interaction px:bcesses. This is easily understood
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from the intrinsic response function whose prominent structure is due to the Compton

edge and falls as E, = E,(1 + moc®/2E;). The computed points of figure 2 were ob- ‘ T e
tained from our ¢omputer code simulating the iuteraction of the primary photons with V | =
R TN all interposed detection media |2/ 1 14, In particular the example of figure 2 assumed .

o ~ I an ideally collimated (A¢ = 0) photon beam of 1.33MeV. We see that the maximum ' "

e ] of the response function is at an energy of 1.11 MeV, corresponding exactly to that of a S S

%

e b backward Compton scattering, with the photon escaping without further interactions and R i SRR
7 the electron totally absorbed. At this energy the gross spectrurn shows already an intrinsic . S

i FWIIM of the order of 20%, which will necessarily be the lower limit of performance of I

. ‘:’* i
Al

L ’ any sector, . The fina]l FWHM value will also suffer, to a rather large extent, from the
) contribution of the source collimator and the statistics of light collection at the photo-
cathode surface. Although the geometry of the annulus sectors cannot be given exactly
o as the input parameter for our code, nevertheless a reasonably good approximation of the
= / | detector and source collimators could be chosen to calculate the intrinsic spectra due to
A a 137Cs and a ®°Co source (normalised sura of two peaks at 2.17 and 1.33 MeV) as given

Y by the dotted histograms of figures 3a and 3b. A 20% statistical Gaussian convolution

SRR of these histograms produces the simulated final spectra of figures 32 and 3b (full lines) L SO 7 R ¢

e which closely match the experimental points (black dots).

o We therefore conclude that although the measured FWHM for 137Cs and %°Co are of |

] the order of 41-42%, only 20% comes from statistical resolution of the detectors while the

“"\’,?”j . rest must be attributed to intrinsic energy escape effects. Our 20% statistical value is in : . I
oy . i agreement with the 20% valte reported for the nearest similar instrument (1] if we take ‘

han this figtire, in the absence of further details; as the statistical contribution to their spectra

PR too. -

e, The advantage of having a well simulated detector response can be extended to the

. evaluation of the total uniformity over the whole (annulus + disc) surface since the correct
. energy scale can now be uttributed to the Cs and Co spectra. Tn particular half height
channels correspond to 0.448 MeV and 0.951 MeV respectively, This gives a calibration

. line of the form N

) [ o . . . i
» T . »
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E.,(MeV) = Nopan X 0.00117 + 0.1176; [3-1)

which is perfectely compatible with an electronic chain expected to be quite free from extra
biases. The disc was similarly tuned, positioning the source in the centre and imposing
the same overall responsc of one of the annulus sectors with the three phototubes giving
. : independently equal responses. In this way we could achieve an energy uniformity spread
SRR over the entire (annulus -+ disc ) anticoincidence shield of 9.8% ( figure 4a ), when a
T collimated 137Cs source was moved across 79 puints of the shield inner surface. Similar
i B o results were obtained when the source was moved along the anticoincidence axis, perfectly
. S in agreement with data previously reported for the BNI, MKIII anticoincidence shisld
L f1, The total uncertainty with which the entire plastic shield will classify the energy
deposited by a single event in the anticoincidence spectra is determined by statistical and

“"“"‘V/ non-uniformity contributions and will be therefore given by:

Tt —AEE-(%) =4202+1022 = 225%  at B, = 0.448 MeV; [3-2)

At energies approaching the "optimum® 18! threshold (Bin, = 100keV) we can assume

that the uniformity spread contribution remains the same. The statistical contribution

is generally found to have a AE/E = aE (%) energy behaviour. This gives in our

. o case (o = 20.9 as computed from a 20% value at 0,448 MeV) an expected 30% statistical

s | contribution at 100keV for a total resolution of 31.6% or 32keV, proving that in the present

L ” situation, we have basically reduced to una, preciable figures the possible size effects of

e o the large anticoincidence shield uposn the net resolution of escape events, which sets a

réernarkably good value for a shield of such a large surface,

- NalI(T!)-detector ,

L o Each of the seven Nal(TIl) phototibes was adjusted for the same gain when a colli-

o mated Y0Co sovirce was positioned along the detector axis about 30 cm away from the front
e surface. Ad before the anode pulses were passed through a passive mixer box, a Canberra

2020 amplifier (shaping time constant 1pus) and a Canberra 8180 MCA., Once the same

,,,;‘ S high voltage bias was selected for ai' photomultipliers, only small dynode chain gain ad-
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justements were necessary, confirming that the photomultipliers had been factory selected
for best uniformity. This type of tuning with a point-like source was found essentially
equivalent to the tuning performed with volume distributed background radiation (e..
1K), to which the NaI(TI) was extremely sensitive. A collimated ®°Co was moved across
79 points of the lateral and front NaI(Tl) surfaces and the resulting overall uniformity
gpread was 1.78% at 1.17MeV and 1.54% at 1.33 MeV as figure 4b shows, The seven an-
odes were then ccupled to a 93 Q) system and processed by an Ortec 113 preamplifier and a
Canberra 2010 Amplifier, A collimated source was positioned along the crystal axis 27e¢m

away from the front surface . The single crystal resolution for the !37Cs line was 7.7%

(figure 5a) and values for the two ®°Co lines were 5.9% and 5.3% respectively (Bgure 5b) *

when a shaping tirne of 1 us was chosen, If we compare our results with those of reference

[1] we see that both the 137Cs resolution and the uniformity spread are slightly larger.

“This is expected to affect the resolution 'at 22MeV but it has already been stressed that

the higher the energy at which calibration is performed, the better the results at very high
energy should be. On the other hand, if we compare our results with those of a crystal
(5] mainly equivalent in size, but with less strict factory surface uniformity constraints, we

can appreciate (figure 6) the improvement obtained,

3-3 A simplified electronic scheme for ’I‘an’dem rung

Data handling is an important part of the experimient since raost of the functions
involved contribute significantly to the final reselution of the apparatus 15 and thus to the
quality of the information extracted from the high energy photon spectra. The electronics
system should be able to perform five basic functions: NaI(T1)-plastics coincidence, pile-up
rejection, linear unalysis, n — « discrimination, and stability ¢ontrols.

For the use at tandem energies, natnely at the peak of the GDR in light nuclei, we
devoted little attention to gain stabilisation since it was reputed to be relativel, aportant,
due to the short collection times required for the accumulation of a statistically signifi-
¢ant high energy photon spectrum, on account of the yather large cross section values,
Furthermore the extremely low count rate recorded when the Schonland Research Centre

van de Graufl EN tandem beam pulsing (5 ns every 500 us) was used, brought the cosmic
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contribution to entirely dominate the recorded spectra making n—+ discrimination totally

ineffective. We thus developed a simplified version of the electronics system (figure 7),

the final one being planned to follow closely the most relevant schemes reported in the

literature, The functions we performed at this stage are three, namely:

i)

i)

Nal(Tl)-plsstics anticoincidence. The auode pulses of both scintillators are summed

after time compensation. Nal(TI) PM's are equipped with ordinary passive high
impedence bases and the anodes have to be summed (MIXER) over an high impedence
to feed a preamplifier (Ortec 113). The plastics anodes are coupled (MIXER) to a
50 (1 load. Plastics anode pulses are processed in a conventional way through a timing
filter amplifier (Ortec 474) and w constant fraction discriminator (Ortec 584). The

same procedure, though not conventional, is adopted for the preamplifier output. A

universal coincidence unit (Ortec 418A) detects escape events. Time compensation’

and pulse reshaping are performed by a gate and delay generator (Ortec 416A) and
fast coincidence (Canberra 2144). The time resolution of this coincidence, as measured
by a 99Co source is reported in figure 8 and gives a vesult of 6.0 ns FWHM,; this value
can certainly be aseribed to the use of preamplitier output signals for timing but is
still acceptable.

Pile-up rejection, If By, is the energy threshold in the NaI(Tl) crystal, the -hain
rejects events above Ey, when piled- up with a pulse occurring either in the energy
range B > By, or in the interval Ejoy < B < Ey. The value Ejyy has to be
comparable to the energy resolution of the spectrometer to prevent peak broadening.
‘Che first réjection is prpvided by a pile-up inspector (Ortec 404A). The tecond is by
'a ceincidence (Ortec 418A hl) between the Nal(T!) timing pulse (Ortec 584 ¢h) that
has alroady selected the anticoincidence function, and a second pulse generated in
the following way. A constant fraction discriminator (Ortec 584 el) provides pulses at
energles above oy, But it is anti-gated by any pulse corresponding to energies above
B.1, generated by a (already mentioned) constant fraction discriminator (Ortec 584
e¢h). Events above Ey, will trigger the constant fraction discriminator (Ortec 584 &l)
but at the same time will antigate it. Events between Bjoy and By, only will trigger

the CFD, Time compensation is provided by a gate and delay generator (Ortec 416A)
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and a delay amplifer (Orfec 4274),
£ iit) Linear analysis. Linear analysis is performed by a preamplifier (Ortec 113) and an
@ amplifier (Canberra 2010) through a linear gate and stretcher (Ortec 542) that is
] anti-gated by the OR sum (Ortec 418A all) of the two possible pile-up events and the
anti-coincidence signal. Time compensation is achieved by a delay amplifier (Ortec
K 427). The electronics system did not provicie gain stability nor dit it provide n -~
o o discrimination. The results achievable by this simplified chain are already appreciable
7 in the anti-coincidence spectrum of a %®Co source positioned in front of the scintillators
5 ‘ (Bgure 9). The FWHM resolution of the two peaks is in fact 5.7% (1.17MeV) and
5.3% (1.33 MeV).

S 3-4 Tandem tests at GDR énergies

f: . Despite the simplified electronics system we have run successfully ti‘le reaction *'B(p,7)*2C

""f“,;.,ﬂ_%vx‘“ at B, = TMeV on a 250 4g/cm? natural boron target with the detector at 90 degrees and

/. 120 cm away from target, The result is seen in figure 10, The anti-coincidence threshold
e was set at 3 nominal value of 40keV; the energy threshold for the NaI(T!) logics was set

o §  i at 9MeV and the NaI(T1) lower threshold for pile-up rejection was set at 0.5 MeV. In

our experimental conditions the rate above 9MeV was 40 Hz and the plastics count rate

S was 40 Hz. The overall pilesup rgjection was around 9% while the collection efficiency at
»Q;: | 22 MeV was measured from the spectra in figure 10 at 46.6% against a 43% value computed
in the design stage |4,
- These conditions ensured an energy resolution of 2.35% FWHM and 8.0% FW M
for the (p,vo) line at 22,38 MeV. The values compare fay. tirably with the best in the
fy . literatire 11 and the fact that they are slightly larger than those can be with no doubt
SRR attributed to the absence of n ~ 4 discriminatirn and to the effects of tuning not at the
SRR best (6.13 MeV) energy, with some possible little effects still coming from the absence of

o . shott and long term stabilisation.

3-5 Experimental Set-up at the NAC ‘(\Dyclotron

The Hagar spectrometer is positioned along beam line *F” inside the southern ex-
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R perimental hall of the National Accelerator Centre (see figure 11). The entire apparatus,
cousieting of the three detectors, the lead shields, borated paraffin bricks and part of the
y | photomultipliers power supply, is placed on a rotating platform covering angles from 30 to
N A 148 deg. The platform movement is provided by four air pads which ensure easy mobility
- P of such a heavy apparatus while guaranteeing a position reproducibility within parts of a
v o millimeter both in height and distance, The NaI(Tl) crystal rotates at exactly 120 cm from
‘ R the target centre. The scattering chamber consists of a parallelepipedal frame (dimensions

:,f." ' 12 X 12 X 50 cm®), connected to the standard 5" @ beamn pipe. The lateral sides of the
EER chamber have perspex windows to allow the use of TV cameras for beam focusing and to
o reduce to 2 minimum the photon absorption by the chamber walls, A four-position target
ladder is provided for solid targets and there is also the facility of installing a gas ta.rgét
: consisting of a thin aluminium cylinder (@40 mm, length 440 mm), with mylar entrance
o ‘ }m-« and exit windows, that can be pressurized to a maximusm of 3 atm. The beam ca.tc'hef
/’ ) ' consists of a 25 ¢m thick aluminium cylinder, This s located inside the bunker walls at

- SE about 320 cm from the target, being shielded, apart from the 1 m concrete wall, by 10 em
oo of lead all around the Faraday cup. We have also added a positiona.bf%bo;ated wax bricks
and additional iron slabs around the beam pipe in the proximity of the bunker wall,

5 N to prevent backscattered neutrons from reaching the detector at limit detection angles.

oy, 3-8 Blectronics

wo The electronics system (fignre 12) has been extended largely to meet the more strin-
: ° n gent experimental conditions and the necessity of collecting the widest possible set of
PP /‘ information during the on-line data acquisition. While the general philosophy of the elec-
‘ tronies set-up remains the one explained in section 3-3, the numerous additions must be
o I described in detadl.
ST a) Photomultiplier stabilization
' We have already indicated that possible ways of improving the overall detector sta-
I bility are the use of stabilized photomultiplier bases ar? to introduce a computer
Coa controlled calibration, New photomultiplier bases, with diode controlled voltage steps

o for the last dynodes have been adopted (figure 18), The performance of such PM
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1 bases has been thoroughly investigated 1] and the effective result is in giving con-

PR stant PM gain from a few kHz up to about 2 MHz of real particle events. The NAC
' beam stability, in energy and position, was particularly good in all the accelerator

runs; therefore the implementation of a computer controlled calibration set, though ‘ R “

designed, could be postponed without any inconvenience as the data presentation will oL IR

‘ show.

g I b) Pulse handling

o We have decided to reduce to a minimum the number of pulses traveling from the

i

. target roora to the data room. This was achieved by summing in a resistive mixer e !
‘ both the 7 NaI(Tl) and the 15 plastic scintillator anode pulses. Only the two sum ‘
pulses were then transmitted through a 93 {1 coaxial cable to the data room for the
complete logic and linear cnalysis. f
¢) Linear Analys:‘sr o
L m;,g, Only the NaI(Tl) pulse was prepared for linear analysis. It was picked from the B
A output of the mixer box, theri attenuated to match the gain conditions of the Digital
‘ Converter and delayed through a 50 () delay loop to make the anode pulse coincident
L with the gate pulse at the input of the LeCroy 2249A Camac QDC,
e e d) Nal(Tl) Trigger Pulse
o ‘ The most important logic function in this chain has to be the trigger pulse generated
’ by any event that corresponds to an energy release above a fixed threshold (14 MeV
. usually) in the Sodium Iodide erystal. For this the anode sum pulse is reshaped and
, amplified by an Ortec 474 Timing Filter Amplifier. Then a fast NIM logic pulse is
provided by an Ortec 584 (High) Constant Fractivn Discriminator and subsequently
: split, i)’y a couple of Lecroy 429A Linear Fan Out’s, The setting conditions for the

S electronic boxes are as follows:

MIXER Output t. =~ 80ns tg~600ns Vg =3mV/MeV

- L 474 TFA Setting Gain 6 x 7.9 Int 20ns  Dif20ns  PZ adj Nonlnv
N 474 TFA Output t. 7 1201s g~ 280ns Vg~ 50mV/MeV

IR 584 CFD(HI) setting Shap.Del. 79.5 ns Block Time 30 ns

i e B N SR S P
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N ‘ tr = Rise Time tg = Duration = Vg = Pulse Height
:‘ ""u ‘ e) Anti-coircidence Veto Pulse
(o o The escape of part of the shower energy froru the NaI(Tl) crystal boundaries is de-
Y v N
. tected by a coincidence between the NaI(Tl) logic pulse and a uignal from the plastic
, ,\"* L scintillator annulus or disc. The anode sum pulse from the plastic shield is processed
A ‘) similarly to the NaI(T1) pulse. It is amplified and reshaped by a 474 TFA and a logic
R trigger is provided by a 584 CFD. This fast NIM logic pulse iz delayed,to insure ad-
; Wy
. equate coincidence conditions, by a passive delay box and reshaped by a LeCroy 222
’; R Gate Generator to fix (by the width of the 222 output) the resolving time of a LeCroy

365A Logic Unit. The coincidence outpit, indicating an escape event is processed by
a Nrtae 416A Gate and Delay Generator to be acceptable at the right timing by a
Nim-In Camac module that will record anti-coincidence events. Settings and pulse

shapes were as follows:

MIXER Qutput ¢, ~ 10ns tq~35ns Vg~ 30mV/MeV
474 TFA Setting  Gain 20 X 6.2  Int 20 ns Diff 20 ns PZ adj Nonlnv
474 TFA Output t.~ 30ns 14210508 Vg = 500 mV/MeV
584 CFD setting  Shap.Del. 32 ns. Block.Time 30 nis
Passive delay 104 s
A 222 GG Neg NIM out  tq % 100ns
] P 416A GDG Neg NIM out £y~ 500ns
/, Tine spectra were recorded at different times and with different threshold seldinus,
L For low thresholds (9°Co) the FWHM of the time spectra were abo.t 7 ns and we

recorded about 40 ns at baseline, These figures improved wlen we restricted the
dynamical range of the discriminators L., in proton capture running conditions, For
e threshold settings like 200 keV (plastic) and 14 MeV (NaI(T1)) the TAC spectrum of
R the anti-coincidence is reported in figure 14 and shows a peak of 4.5 ny FWHM and
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25 ns at baseline,

Neutron -gamma Time-of-Flight Diserimination
The cyclotron radicfrequency (RF) pulse is used to provide a time reference fr> vhe
measurement of time-of-flight performed over the path length of 120 cm that sey; », 22

the target from the front surface of the NaI(Tl) detector. In such a path length i

travel times of photons (3.3 ns/m) and of energetic neutrons (e.g. 11.79 ns/m at Ej,

40MeV) are perfectly distinguishable. The RT signal has for example frequencies of
12 MHz (period 83 ns) at 25 MeV, of 16.4 MHz (61 ns) at 66 MeV and of 26 MHz
(38.5 ns) at 200 MeV so that the time difference between subsequent beam bursts
is adequate to reject target-born fast neutrons against gammas. The RF signal is
passed through an Ortec 436 100 MHz Discriminator to be converted into a sequence

of standard NIM fast logic pulses. These are delayed (AT = 50ns), split by a LeCroy

- 429A Fan Out and sent to the stc;p input of two identical Ortec 547 Time-to-Amplitude

Converters, The start pulses tc the TAC’s come from the NaI(T1) event trigger and
for this to remain within the operation range of the TAC, it is limited to 1 MHz
rates. The conversion range is selected to be 50 ns and proved to be convenient
at all beam energies. A typical spectrum is shown in figure 15 and we see how
neat the identification and separation of the 1.5 ns FWHM photon pesk is frem the
cosmic constant background and the large neutron bump. It has to be noted that
TAC spectra may differ in relative time as a result of beam focus changes and it
is therefore necessary t6 monitor them at any time an operation is performed on the
beam adjustment parameters. The advantage of having a double TAC chain is that we
are capable of setting time wiridows around different portions of the time spectrum to
examine the gamma events as well as the contribution to the inclusive NaI(Tl) energy
spectra from different background regions. After level adjustwment the single channel
outputs of the TAC’s are sent to a Camac NIM-IN while the linear otitputs are sent
to a Camac ADC for conversion and storage.
Event Logie Trigger
We have already explained how we produce a NIM fast logic pulse for any event above
an energy threshold in the sodiurﬁ iodide as set by the Ortec 584 CFD ("High” in
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figure i2) . The same pulse is used to provide a gate for the Charge to Digital Converter
that generates the linear specira of selected events and also the necessary trigger and
strobe pulses to drive the Camac cycle on the VAX 11/730 on-line computer. To do
8o the CFD Fast-NIM pulse is fed inio a Lecroy 8?7 discriminator whose Fast-NIM
outputs are delayed by means of two Ortec 416A Gate & Delay Generators. One
generates a Fast-NIM logic pulse as a irigger for the Camac cycle and a negative
NIM 300 ns wide strobe pulse. During the time a Camac cycle is taking place a veto
pulse is given by the Camac Busy Output to prevent multiple triggering. The second
G&DG is coupled to another LeCroy 821 discriminator to generate at the correct time
a gate pulse for the QCD, the coupling being imposed by the large width of the 416A
outputs, inadeqiate to the needed 118 ns wide gate for our anode NalI(Tl) pulses.

Pile-up Rejecton
The electronics system provides information aboﬁt the pile-up of two pulses both
above the NaI(T1) threshold (14 MeV)iof two pulses both within a lower energy range

(100keV < E < 14MeV) and finally of two pulses of which one is above the NaI(Tl)

threshold and the other is within the lower energy window. The LO-LO and Hi-
HI discrimination is achieved by the use of two equal Ortec 404 A Pile Up rejectors

with resolving times of 2us whose outputs are sent as usual - to a Camae Nim In.

The scope of the HI-HI pile up check is to take account of those events that are
removed from the actual spectral peaks towards very high emergies while the scope
of the LO-LO pile-iip check is to prevent two small pulses from adding in the lower
end of the accepted spectra in the vicinity of the 14MeV threshiold although the
number of these events is usually very low. More complex is the LO-HI logic.
We want in fact a pulse from those events included in an energy range between the
threshold of the 584 CFD (Low) and that of the 584 CFD (High) without the need
of any resetting apart from that of the 584 CFD (High) threshold according to the
experimental needs, This is obtained by processing the HI fast NIM pulse by a 4294
Fan Out that prodtices a OUTneg signal a few ns wide. Delaying the 584 CFD (low)
Fast-NIM pulse generates a superposition of the two pulses in case of coinciderice and

therefore no output is produced at the 365AL logic unit where the sum of the two
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- . pulses will be constantly above the zero level in this circumstance. This will normally
M‘ o be true for pulses that are above the 584 CFD (high) threshold and obviously above
Y the 584 CFD (low) threshold as well. For pulses Qvithin the window only the 584 CFD
B “ ¥ (low) discriminator will trigger and the superposition of pulses at the 365AL logic 7
ol . unit will consist only of a nerative NIM pulse that will generate an output, This LO "
o T output and the HI output will feed the two halves of a 222 Delay Generator to be
« g |

i

1)

reshaped at about 600 ns i.c. to approximately the width of the NaI(T1) anode pulses
fed to the 2249A QDC. The stretched logic pulses will be analysed by a 365AL logic
unit that will generate an output any time a HI pulse is preceded or followed (within
600 ns) by a LO pulse. The coincidence output is as usual reshaped by a 416A GDG
for use in a Camac Nim-In module.

Time relation between pulses

The time requirements are that the trigger event prec%is any other pulse to be
analysed during the Camac cycln and that any of the logic pulse provided (TOF, HI-
LO etc.) is superimposed to some extent on the Strobe pulse . The time relation
between pulses is reported in figure 16 where the reference time is given by the trigger
pulse.

Scalers

Three Camac scalers are used. Two see the event trigger but one of them is also
sensitive to the veto pulse to inhibit counting while the system is dead. In this way
we have an indication of the dead time of our data acquisition system. The third
scaler monitors the pulses from the current integrator and we ¢zn store and display
the accumulated charge.

Data Sorting

Ditring an acquisition run a few memory areas are fillad with experimental information
and subsequently dumped on disk for further analysis. The data processing and
storage is organized as in figure 17, the different areas corresponding to

TOF
RAW
ACCEPT4

TAC linear spectrum
Unprocessed NaI(T1) linear spectrum
NaI(T1) linear spectrum: all rejections included
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ANTICO4 NaI(Tl) linear spectrum: ~ ~ 7 coincidences rejected
HILO4 NalI(Tl) linear spectrum: HI-LO pile up rejected
HIHI4 Nal(T1) linear spectrum: HI-HI pile up rejected
LOLO4 NaI(Tl) linear spectrum: LO-LO pile up rejected
REJECT4 Linear spectrum of all rejected NaI(Tl) pulses
ROUTE Log of all logic pulses collected
TOFPK NaI(T!) spectrum as triggered by TAC pulses in the 4 peak
TOFBG NaI(T1) spectrum as triggered by TAC pulses out of the 4 peak
WORK A working area
Scalers The account of scalers: collected charge is in position 35
1D Gates
DSA AREA  Displays
PGAMMA  Initialisation

3.7 Detector resolution at high energies

We have already discussed in detail what kind of performance one can get from Hagar
when this is operated in almost optimum conditions as concerns target thickness, count
rate,collestion time, target choice, background and so on. All these requirements were
met at the Wits Tandem and gave a resolution value of 2.35% at B, = 22,38MeV in
yery good agreement with the values recorded by sirailar spectrometers. We know that
the performance of high energy spectrometers (1) is such that FWHM resolutions of 2.0%
at 50 MeV are achieved, if the same optimum conditions are maintained. We have had
to decide not to carry on any particular experimental run dedicated to the exploration
of the ultimate performance limits of our detector, 8o as to dedicate the largest portion
of the available beam time to the completion of the experimental program Mon radiative
copture by Carbon at excitation energies arotind 2fw in *¥N. This decision was supported
by three main arguments. The first concerned the limited availability of continuous beam
time in view of the forthcoming daily medical operation of the cyclotron, which would have
as a matter of fact forbidden any complete angular distribution measurement without the

necessary and time consuming intercalibration of partial runs, The second concerned the
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fact that, as we already observed, extreme resolution values are achieved only at the price
of a substantially reduced ccilection efficiency with consequent much longer collection
times per single statistically significant spectrum, not to mention the difficulties related
to & more complex electronice tuning, As we shall see in the forthecoming data, the
standard resolution valpes that we had on our spectra were perfectly adequate to allow the
separation of prominent structures in the investigated reaction. The third reason was that
the detector had proved its reliability at low enery;ies and since it is conttructed following
exactly the same criteria and employing the same techniques as others, vhere is no reason
to doubt that the same performances, under the same conditions, can be achieved.,

It is, however) important to give some examples of standard Hagar performance at
high energies. First we show in figure 18 a comparison of raw and accepted spectra. The
improvement introduced by the various gates imposed on the linear pulses is evident here
and it can also be remarked that *We collection afficiency worked out from this figure
(38.3%) is in very good agreement with that computed by our code (35%) as the efficiency
value at 22.38 MeV. As concerns energy resolution, we can look at figures 19 and 20 for
photon peaks at 15.11MeV, at 38.4MeV, at 43.72 MeV and 45.93 MeV respestively, and
at figure 21 for the behaviour of FWHM resolution with peak energy. All quoted values are
extracted from spectra taken at high currents (20-40 nA) on thick target (36.6 mg/cm?)

with no subtraction of any background.

3-8 Summary

The design criteria for this anti-coincidence large-volume scintillation spectrometer-

were maximal uaiformity of response over the entire scintillation volume, an energy reso-
lution close to 2% over the range of energies spanning from 20 to about 50 MeV and the
possibility of flexible treatment of logical and analog information from the detector, From
the data presented in this chapter it is evident that even at this arly stage of implemens
tation Hagar has in practice met all the design objectives, and matched the performance
of the best detectors ofthis type.

As far a5 uniformity criteria are concerned, both the N al({Tl) crystal and the complate

plastic anti-coincidence shield(s) can be tuned to such & degree of equalization that the
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effocts of any remnant spread in uniformity on energy resolution are negligible.

As far as overall energy resolution is concerned, stringent tests using beams from the
Tandem accelerator proved that both the design and the technical execution of the design
vesulted in state-of-the-art detector performance. Similarly in the demanding experimental
conditions in radiative capture studies at substantially higher energies, with thick targets
and in high beam current exposure, the performance of this detector was comparable to
that of other spectrometers of the same type, even though we have further optimisation
possihilities, such as on-line dynamic calibration and gain adjustment. V

The electronics - y¢4=. deployed with Hagar proved for the comims  iembly to have
excellent timing characteristics with consequently very clean separavlou of neutrons and
gamma rays. Hence accurate identification of photon events was readily achieved, together
with excellent efficiency in pile-up rejection down to about 40 ns. Furthermore,following in
a discrete and unambiguous fashion the different logic functions is comprehensive, allowing
the dynamic analysis of essentially all possible reaction paths, so that an ever-improving
understanding of the behaviour of the total system is evolving,

Hernce we conclude, as will be substantiated also by the analysis of the actual data
captured and considered, that design objectives have been met and an excellent detection

system for medium energy photons is available.
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CHAPTER 4

RADIATIVE CAPTURE TO GROUND AND EXCITED STATES IN 3N

4-1 The experimental program

The gnideline for this research program was to establish information on radiative
capture to the ground and excited states in *N in the excitation energy region from 40 MeV
to about 60 MeV, which is characterized by the absence of systematic measurements. This
is schematically the region of the sec'nd harmonic mode of the GDR collective excitation
and =f eveatual quadrupole collective excitations. Figure 1 can help[iocatmg the energy
ard relative amplitudes of the basic electric collective excitations built on the g.s. state
of all nuclei (1) and give also an indication of where the collective excitations based upon
nuclear excited states can be found, The second harmonic mode of the GDR has been
observed in a few cases (*8Si, 2C, 3N) but described in detail, with complete yield and
angular distribution functions only for '*C. This is due to the extent of data from the
reaction 11B(p,7)*2C collected already with low energy accelerators, consequent on the
large {15.957 MeV) Q value of this reaction that allows the population of highly excited
final states in 120 at beam energies just below 40 MeV.

Before we proceed to a review of available data and to the analysis of our experi-
ment it is convenient to recall, in simple terms,what we can learn, in principle, from our
investigations, Let’s first discuss the kind of angular distributions produced by a direct
plus semidirect proton capture mechanism as opposed to possible influences of compotind
nucleus formation and decay. The latter involves redistribution of the éntrance channel
energy through the excitation of a large number of compound states (generally described
by complex admixtures of single particle states) which will undergo a long sequeénce of
decays and excitations until statistical equilibrium is reached amongst the various nuclear
configurations, Their probabilities will be assigned statistically and the phases of the
respective wave funciions will be absolutely randomt, A process of this kind requires a

time much longer than the average trausit time of a boitnd nucleon arcuss the nucleus
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(= 14310~%2sec). Therefore there is no correlation between the formation and decay of
the compound nucleus; the collision direction will not remain a privileged direction and
the reaction products are expected to be emitted isotropically in the c.o.m. system. For-
mally [2], applying ihe reciprocity theorem, making use of the hypof}ésis of independence
of formation anfl decay processes and assuming random phasus (i.e. non-interference) for

the wave functions of the compound nucleus excited states, one can calculate explicitly:

2l +1 v o Tati T
CORLAD W o eay AL, S

that is the angular distribution of a reaction proceeding from an incident channel o
described by the quuntities : i= spin of the incident particle, I = spin of the target nucleus,
j =i+ I = channel spin, I = orbital angular momentum in the incident channel, with
‘primed quantities for the outgoing channel 4 and hats for time-reversal. J and P are respec-
tively the spin znd parity of the compound state, the T"s are the transmission coefficients
and ), is the wavelength associated with the incoming channel, The angular distribution
[5-1] is obtained after summing over all allowed states, specifically over [, j, g, Jand P
subject to the triangular relations A(il7) (in other wovds |i — I| < § < (i 4+ I)), A(I'L'S"),
A(j17), A(J''T) and after averaging over the angular momentum states. The angular

dependence of (5-1] is entirely contained in the term

. I+ 1)(27 +1)?
AJ(JIJ'1’9)=2( * L(“J+ )

S CHLCEL! W (Tl LYW (I IV, Lj') Py (cos 6)
L

where the sum extends over all even [ such that 0 < L < min(2,2/!,2J), L even implies
symmetry around 90 deg and, at low energy where s-wave capture dominates, also isotropy.
For large spin changes large anisotropies are expected but still fog-a.ft symmetry should be
observed, The direct-semidirect process is a fast process anid does not allow rearrangement
of degrees of freedom such as the phases between different transition modes, which will as
a matter of fact interfere, producing the typical angular distributions [1-2] characterized by
sizeable odd ay coefficients and ultimately by forward peaking,as our analysis will show. To
note is that in the case of a single transition (like the 1 ~ 0%15.11 MeV" in 2C discussed

later), no interference is possible and again fore-aftgymmetry is expected,

-
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We expect furthermore to see energy spectra dominated by those transitions which
involve final excited states with large single-nucleon spectroscopic factors (e.g. the 3.51
MeV state in 1*N). The centroid energy of the GDR that is found based upon these
states is, according to the Brink hypothesis, independent of the detailed structure of the
state. But the GDR width and its strength are often a strong function of the state and
of its coupling to the cntrance channel, being the GDR's larger for highly excited states,
and their strength enhanced for states v%%ch match the entrance channel configuration (2,
Exploring the region of the second harmonic of the GDR, it should therefore be possible
to see a level substructure reflecting the low-lying levels as well as their influence on the

e,.4tation curve of the 2hw — 1hw transition.

The actual experimental situation looks as follows. In 7 spectra from proton radiative
capture to **N a broad structure has been observed at excitation energies around 2fw
(Bs ~ 43MeV). Ouly a single energy point (4! has been measured, preventing any proper
understanding of this reaction channel, The multipolarities involved in this transition were
extracted from the analysis of the B, = 44 MeV angular distribution that was compatible
with u dominant El transition mode interfering with a quadrupole mode, Also the cross
sections for radiative decay to the lowest lying states (9.3, 2.37MeV, 3.51 MeV) has been
measured rather systematically but only below E, = 48 MeV 18] at & fixed angle of 90 deg
to the beam direction. Measurements have been taken at a few higher proton energies
(40, 50, 60 and 80 MeV) 1) and angular distributions for the g.s and 3.55 MeV transitions
at B, = 40MeV ", 7 relation to the sparse information on the 20(p,7)*N it was
observed that, for final states described in neighbouring nuclei (e.g. 120, *N) by an
inert core plus a proton in the same single particle orbit, the differential cross sections
are predicted to be identical [, This prediction has found clear experimental support,
therefore an upproximate extension of the set of data for the reactions 12Q(p, )N and
120(py72-4+3) 13N {9 at 50 and 60 MeV can be made from the cross sections of the equivalent
11B(p,7)!?C(4.43) and 1'B(p, 7)**0(19.6) channels, At high energies the addition of beam
polarization has given more information on the < E1 S / < E2 S ratio in the (py70)

transition even if in large (= 10 MeV) steps ", The presence of maxima in the excitation

functions of both the g8 and the 7.3 channels observed by Fisher et al, 5] at excitation
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energies from 33 to 46 MeV still remains an open question since they were not confirmed
. by subsequent experiments, 'n this framework the possibility of extensively investigating
. ) radiative capture in !*N at beam energies from 40 to €0 MeV and more, was recognised

T and implemented using the facilities at NAC,

4-2 Experimental Details

NI
**

ey e i, e

. The allotted beam time and the structure thereof had to be made compatible with

. ! both the detector development on one hand and an experimental program of sufficient
\i\[ Ca extent, How the detector set-up has been developed and estakblished has been discussed in
wr ] chapter 3. The res¢arch program was concentrated on the identification and messurement

. ! of any possible (p,7,) channel in *N at excitation enzrgies from 40 to 52 MeV. A solid
polyethylene target equivelent to 31.7mg/cm? of 1*C was bombarded with protons having
energies of 40, 43.1, 46, 48, 49, 50, 52 , 54 and 66 MeV, at beam average cuzrents of

10-50 nA. A summary of the experimental program performed is given in table 1, while an

example of typical count rate conditions is giver in table 2. Doses of 200 — 1000 xC were

accumulated. Detailéed angular distribution measurements were taken at every energy,

i RAEA with not less than six angles per energy but usuzlly 9 angles (us seen in table 1), A borax
| and paraffin plug (15% borax in mix with wax p ~ 0.85g/cm®) was inserted into the
lead collimator to further reduce the neutron background, specially at high energies and
extreme collection angles. Its effect on the gamma count rate is taken into account by
the simulation code that gives the collection efficiericy and the response function of the
“ detector. We cin define a collection efficiency ¢, as the ratio of the number of photons
Al collected by the system in its anticoiacidence (Ey, = 50—200 keV for the plastic scintillator)
. / . configuration to the number of photons emitted inside the detector solid angle, We can also

ol define an anticoincidence efficiency ¢, as the ratio of the number of photons collected in

ooz

ERRE anticoineidence o the number of photons collected in coincidence, Takle 8 summarizes the

e computed ¢ and ¢, values at different photon snergies and plastic scintil ator threshold.
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TABLE I (continued)
Lab Angle Charge Current
(deg) (uC) (nA)
30 566 48
45 415 47
60 302 25
90 593 49
100 775 50
135 379 25
30 111 3
46 408 20
€0 146 11
90 316 10
120 224 11
135 65 ' 20
147 169 10
30 240 17
45 323 12
60 360 12
75 293 21
90 208 13
100 205 11
135 378 18
148 432 32
31 153 15
45 224 15
60 152 15
75 o284 15
90 249 15
105 189 10
120 207 15
148 161 10
42 190 10
60 180 10
75 317 25
00 185 12
105 243 20
147 229 20
4
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TABLE
Typical Count Rate Conditions B, = 49 MeV I =12 nA

Module Counts/sec
High threshold CF(Nal) 300
LO-HI Cons, Frac. Dis. bx 104
Low Threshold Nal 7% 104
Plastics CFD 1.3 % 10° ,
LO-LO Pile-up Rej. 4x10°
HI-HI Pile-up Rej Negligible
LO-HI Pile-up Rej 20
TABLE 3

Computed efficiency values

By (MeV)  €c(50 ke'V) €a(50 keV) €(100 kel) €a(100 keV) €.(200 keV) ¢,(200 keV)

20
30
49
50
60

0.321 0.408 0.342 0.433 0.390 0.493
0.242 0.285 0.265 0.312 0.319 0.375
0.206 0.233 0.228 0.258 0.272 0.308
0.169 0.184 0.187 0.204 0,287 0,258
0.133 0.142 0.150 0.160 0.191 0.203

4-3 Spectrum fitting procedure

For the data analysis we have followed a rather practical technique [ + using *ho pro-

grom FITGAM (9 slightly adapted o fulfill our new requirements, The fitting stratugy

consists of reproducing the measured spectra with a series of tabulated response functions

and a linear background. The response functions are computed by the Monte Qarlo code

{
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discusser' in chapter 2, which receives as input data the detector geometry and the nature

of the materials exposed to the photon flux. Fu RS
The response function is convoluted to fit nearly isolated gamma lines, generated basi-
cally from the 1*B(p, 70)** O and ¥ B(p, 7243 )1*C(4.43) reactions at various beam energies.
It is subsequently digitized in E., /100 enegy steps at selected peak encrgies E,, {frem
10 to 60 MeV and stored in the file DATFUN.DAT. The response fanction at any in i- L |
mediate energy By, < Ey < F,,, is interpolated from tlose tabulated at E,, and B, , L N R
respectively. The code FITGAM is based on the CERN libraty minimization program e o
MINUIT and performs the following data reduction, First the calibration line is evalu- B ‘ ,
atedj witimately this is established by a best fit through a set of calibration points (e.g. S A ' " [
18..1MeV, (p,70) peak, (p,y2+3) peak, ete, etc.) and the parameters BETA (slope) and “ |
GAMMA (intercept) are determined and fixed for the rest of the analysis, The spectrum
is divided into a reasonable number of regions (usually five) that are analysed ore by one
from higher to lower gamma energies. An extra region is chosen above the (py70) peak so

that only cosmic events are included in it, In this region a constant background is fit to the T

ot

points and then subtracted from the entire spectrum. For all other regions the code adjusts ‘
11 parameters to minimize a x* function, Parameters are the slope TFOND of a linear Lo ’ o “‘6 ;,
background whose intercept is for continuity set equal to the valuc of the background in the
previous rcgion at the contact point; the heights of at most five peaks (ACUAL, ACCAZ2,
ACOA3, ACCA4 and AQCAS) and the shift in channels (UELTA1, DELTA2, DELTA3, / ‘
DELTA4 and DELTAS) measured from the channel value that is attributed, on the basis ‘ h
of & preliminarly estimated calibration line, to any peak in the region, 'vhe x? function is -
minimized to best fit and the portion of the fitted spectrum due to the peak tails, which o
normally exceeds the limits of the fitted region towards lower enurgies is sulracted fiom \
the rest of the spectrum. The process is iterated until the last region is fitted, For any
peak the cross section is evaluated from the area of the fitted response function (N,[n}),
the solid angle (AQ[sr)), the collection efficiency (¢,), the target thickness(r [gcm“’]), and
the collected charge (@ [C]) by the usual relation

do = Nyeod \
a0 = QAT Noe, ’
[ ’ \
)
g |
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where 4 is the atomric weight of the target, ey the unitary charge and No Avogadro’s
number. The errors in the physical quantities are added quadrati. .y and extended to
the cross section. For any peak the computer output lists the peak area, the cross section,
the channel, the absolute gamma energy computed from the calibration line, the measured
excitation energy, the efficiency, and finally the absolute gamma energy computed from
the reaction kinematies (mp.= projectile mass, Mz = recoiling mass) at the given proton

energy (Lp), collection angle () and final state excitation energy (Ea):

_ To(Mp—mp) + QT+ Ma) —Q*/2_ o
Ty + Q + Mg — /Ty(Tp + 2mp)cosd

A few considerations must be made before proceeding to the txamination of our spes-
tra. The first concezns the DATFUN.DAT file, Clearly this file can be reliably constructed

orly from a large set of experimental observations, preferably on rather isolated peaks and

hv(6)

over a large energy range, so as to include in the response functions both intrinsic and
instrumental effects. We would like to recall thet the = were some practical limitations
imposed by the accelerator. This is a totally new machine and our expeviment is oaly the
second one %o begin at NAC. Apart from the two test points at 66 and 200 MeV, each
of the snergies at which we worked, was selected for the first time ever specifically for
our runs. This required the development of experience in the operation of the machine
and led for example to begin our investigations at 66 MeV, where the machine behaviour
was best understood, and to progress to lower energies in not too large steps. Running
e nccelerator alternatively at very low energies (e.g. 20 MeV; appropriate for zesponse
function measurements through the reaction 1*B(p,)*2C) and at higher energies (e.g. 50
MeV; mecessary to our systematic investigation of the 120(p,7)*®N reaction), proved to
be extremely unpractical and priority wus therefore given to the reaction study program
rather than to an exstensive responee function study also, However the DATFUN.DAT file
constructed in great detail for a similar spectrometer (10} 5eus available, This other instru-
men} opeated at an anticoincidence threshold of 170 keV, but was 1+ vided with a shorter
plastic scintillator anticoincidence shield, Its ecavoluted resporise functions were capable,

in almost evety instance, of giving good fits to our 20(p,40)**N and *20(py y2+3) "N lines

1
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(figure 2) for the runs at 40, 43,2, 46, 49 and 52 MeV, We have therefore assumed identical
S response function shapes for the two instruments and for the entire large energy range

% ‘ (AE, #¢ 25MeV) involved in our spectra, and corrected afterwards for efficiency differ-
‘ | ences, referring to table 3. The fact that Hagar was operated in these runs at higher beam
. currents and large solid angle, although at lower anticoincidence rejection threshold, may
,, well account for the striking similarity of the two sets of response functions. Runs at 48,
N 50 and 54 MeV were performed at even lower anticoincidence threshold (Ey, = 50keV)
and low current (never exceeding 20 nA): the analysis of spectra with the DATFUN.DAT

oA response functions proved in these three cases to be relatively poor and showed, as might

be" expected, that the Hdgar response functions are, in more conservative operating con-
ditions, narrower than for the Milan detector. The ultimate goals of this work will go
certainly beyond this thesis presentation; a careful investigation of the response function
o | will be made before proceeding to the data analysis of the 48, 50 and 54 MeV runs. Beam
ey oy ] time allocation at NAC does not allow that in the immediate {uture. We have therefore
: / extracted from runs at the last three energies, angular distributions normalized to 4, for

the (p,70) and (p,v2+3) channels, Alihough the absolute scale may be incorrect, since
, «,q we only have integrated a portion of the peaks with no tail included, the relative angulas
. 3 distributions and the Legendre coefficients should be little sensitive to this as the general

B agreement found in figures 20 and 22 testifies. Despite this forced incompleteness for 3

\Ly o energies only, we have a good description of the observed phenomena on the basis of all

>§‘ W the other energy points.
~

/ : We would also like to comment on the linear background that is added, in any region,
e, to the set of peaks in order to fit the collected spectra, Some other analyses [31] [12) have
WAL been performed using only a set of response functions to fit the spectra but others have
o used our more extensive technique [*3l, We believe that there is some support for the

| i technique we have adopted. On one hand one has to consider that the computed response
L ' functions have proven very reliable when compared to well isolated gamma lines measured
by detectors of different shape and configuration up to about 300 MeV [14] (28] (1¢}, There is
C no chvious reason to object {o the predictions of these codes, which normally give not very

long tails at low cucrgies, and to arbitrarily extend the predicted tail making them assumea
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oo very slowly decreasing or even constant trend towards lower energies. These nearly constant
; S tails will add up to generate a sort of step function that ultimately contributes a consistent
; " '7 part of the fitted yield, None of the experiments performed on isolated gamraa peaks or
}{; e P with monoenergetic electrons shows such a behaviour. Even for rather well-separated peaks
) DY like the yp and 7; from **B(p,7)**C the background has to he considered (8] 18}, In our case
e R this is evident when we iry to it the first portion of the *2C(p,v)!*N spectrum with only
} f" | three computed response functions, A background must be ndded only from the perticle
i : | decay threshold energies, which the program computes from standard mass tables and
; S : assumes as the background starting point (figure 2). This is logically consistent with the
VL] background being due to the many possible reaction channels through which the compound
:" : = 7’ T nucleus decays by particle emission and consequent electromagnetic deexcitation before
R ‘,i reaching = stable configuration. Ignoring this background component and adjusting the
i‘; e :A tails to fit the first region of e.g. *1B(p,v)!*C with only two response functions, assumed
. ' M"”W subsequently as standard, leads, in our observation, to an overestimate of the transition
o I’ ./ cross sections specially for the peaks at high excitation energy. A way of complementing the
‘,’ ’ evidence given by the experimental sinigle energy spectra already mentioned, would be to
W“w £ “ compare the photon spectra collected in and off coincidence with the recoiling compound
- B ﬁ nucleus. Apart from the detection efficiency, which will be drastically reduced when in
s B coincidence, and other instrumental effects like residual pile-up, gain drifts etc, the
tw spectra should be equivalent if the first one is due only to photons emitted prior to
T the compound nucleus deexcitation by particle emission. The diffi~nlty of a ¢oincidence
| 1 experiment is very well known and sets a practical limit to the selective study of the
: e reaction channels in which we are interested, To the best of our knowledge only two sets of
L . ‘. data of this sort are available. One concerns the D(d,v)*He reaction where recoiling alpha
) 1! ; particles were detected in coincidence with gammas (17}, the other relates to the reaction
P T 12(3(100,4)?85i 18] measured in and off coincidence with the recoiling 285§ nucleus. In the
o ] first case the statistical fluctuations in the collected coincidence spectra are, as & matter of
| ’ - K fact, compatible with largely different response functions. In the second case the particle
A e decay threshold is coveniently very low (= 13MeV); we should therefore obtain the same
IR ‘ ‘ peak-to-valley ratios in both single and coincidence spegtra for the first low lying states.
T et ?
0
w
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The values extracted from figure © of ref [15] are for the first three peaks: 3.40 (g.s.; 3.35
PR T in singles), 8.25 (1.78 MeV; 543 in singles), 5.79 (4.62 MeV; 1,42 in singles). Since they
W should be equal in pairs they therefore indicate that some background is evidently present

M even in the first portion of the singles spectrum. The singles spectrum suffers indeed from

admitted large pile-up contributions that affect the low-lying peaks for which the ratio is

AN lower in the singles spectrum, and prevent the extraction of sensible peak-to-valley ratios

FEEG T

in the region of excitation energy above 13 MeV, where we should test our background

ey

assumption. In conclusion, while there {s no clear experimental evidence of the absence of

R background in photon. spectra generated by radiative capture, the good agreement between

e
*
&,

ST the computed and measured isolated high energy gamma response functions justifies our

fitting procedure,

4-4 Data analysis

A few examples of spectra collected are given in figures 3, 4, 5, 6 and 7. The excitation
and gamma energy scales are reported in each of these figures and help us to draw attention
to some very important points on which we would like to comment on a qualitative basis
before proceeding to a numerical analysis:

a) We can clearly distinguish, at any explored energy, transitions to the states at 0(3 M

2.37(3*) and the pair at 3.509(3" ) and 3.547(5 ") MeV. The largest transition strength

is concentrated on the (p,72+3) channel which, from previous observations, extended

even to very high energies!®] (B, & 80 MeV), is known to remain the most strongly

populated state.

b) Transitions take place even to high-lying and very high-lying states as expected, There
are in fact, but not reliably separable, transitions to the pairs of states at 6;88(%+)
and 7.90(-;-+) and 10.78(37) and 11.87(27) MeV. Transitions in a) nnd b) are clearly

interpreted as (p,7) reactions from the kinemntical variation of their peak energy:

¢) In the low Ey region all spectra are dominated by a broad structure that yemaing
= 2¢ MeV whatever the beam energy is, in contrast to what would
I;nppen in possible (p,7) transitions. Looking in ﬁper detail at the spectra in figures 3
find evidence of structures ab about 19,8, 22,5, 23.8, 24.0, 26 and

centered around Ey

to 7, we consistently
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FIGURE T A’3N photon energy spectrum from radintive proton eaplute ol Bp = b4MeV A6, =75 degs

Shown are gomima energy and excitation edergy seales,
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27 MeV, this last being more evident at B, = 50 and Ep = 54 MeV. The intensity
& of the 19.5 MeV peak (marked P in figure 3) shows appreciable variation with the

: beam current in comparison with that of all other peaks (see figure 8). Furthermore
N ity encrgy is very close to the sum of the energies < ¢ the two more intense peaks in the

b 3 spectrum: the 4.43 and the 15.11 MeV lines coming from (p, p'y) inelastic scattering

) e 220, We therefore attribute this pesk to the residual pile up of these two gammas
oy in close occurence (time difference below 40 ns), that the LO-HI pile up rejection
| circuitry cannot separate. The other fixed energy gamma peaks suggest convinzing
e correspondence with (p, p') peaks observed at E, = 45 and B, = 150 MeV in inelastic
: scattering off 12C, Buenerd et al. (18] jdentify 1~;T = 1 states in the continuum of
12(} at energies of 22.6, 24.5, 23.92 25.8 and 27 MeV, The L = 1 essign_ment is made
from the comparison with Distorted Wave Born Approximation (DWBA) calculations

R /,, while the isovector nature is deduced from the absence of these states in inelastic
i . / scattering of alphas off 12C.

fts d) The region between E,, = 27.5MeV and E., = Ey, — 12MeV is rather complex,
Y_{ :N;:." Let us make some considerations for By, < E., as in fhc cases where B, = 48,
\'* e 50 and 54 MeV (figures 5,6 and 7). Firstly (p,7) transitions are seen to a group
' BRRY t of states that are identified as the 13.96(%+)MeV, the 15.97(-;-+ MeV) and the 17.2
| MeV state in 23N, It also appears that some strength builds up at excitation energies
from 10 MeV to about 23 Me''. Structures related to these (p,7, =onsitions are only
evident av Ep = b2 and F, = 54MeV, as a broad shoulder. We have attributed the
gamma transitions observed at By = 52 MeV, to final states in *N at 18,42 MeV(2 Y
o 19.88 MeV(3+) and 20.90 MeV’(s ). Since the states involved are 13N states located

N around %2 MeV they should be the 2p-1h component states of the 1*N g.s. GDR. The
f - ctructure seen at 52 and 54 MeV proton energy is therefore the effect of the decay of

o the second harmonic collective excitation of the compound nucleus, decaying to states
in the GDR region of the same nucleus, 13N,

¢) One would expect a maximum in the excitation function of the (p,) transitions to

e gtates relative to the g.s. GDR of 1°N at about twice the GDR centroid energy, i.e.

\‘ at about B, = 44 — 46 MeV, corresponding tv proton energies around 4547 MeV.

*
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In this case ine 2hw transition in 13N is unfortunately superimposed on the (p,2'7)

transitions to the set of 1=;T = 1 states already identified and no clean separation
| of the two comix:i « ione .5 possible. Only at one energy did we see the 2hw fairly @l 5 -
Y clearly. Also to some ext:nt problematic is the extraction of information for the (p,7) Co oty
Te i transitions to the three stutes at 13,96, 15.97 and 17.20 MeV, for B, < 46 MeV, where Lo L | o K
<5 for some Ej the E,, = 27.5MeV value can exceed the By, = By = E, value, : | ‘ ‘

Y 4-B Bvaluation of Cross Sections .

T ,3“ The gamma spectra were subdivided into five regions for the fitting procedure: the . oo
0 o first included excitation energies from 0 to 5.5 MeV), the second covered from 5.5 to 12.5 R
MeV; the third extended from 12.5 to 18,5 MeV, the fourth and fifth covere ! respectively = v

S the 2fiw and the (p,p'y) structures, Of course when some of the structures could rot be P

) L / separated (as at the lowest proton energies) the number of regions was reduced accordingly.
ol As an example of fitted spectra we present figure 8 which concerns the radiative capture S I T

o] of 43.2MeV protons at two photon laboratory collection angles. |

The cross sections extracted from the various gamma spectra have been grouped into o S ) o 3
angular distribution functions for the transitions g.s., 2.37, 3.51, 6.88-+7.90, 10.78+11.87 | i
| and 13.96--18.07+17.20, whenever possible, At Hy = 40MeV the (p,7) to the states | .
B A around 16 MeV and the (p,p'y) in *C are not distinguishable. Equally merged are the i | SR S

SR (p, p'y) structure and the second harmonic deexcitatiun at proton energies below 50 MeV.
G At E, = 52MeV one can extract cross section values for (p,7) transition to states ot
about 18.42, 19.88 and 20,90 while it is only at By = 54MeV that transitions can be seen

to states up 16 23 MeV, but as already reminded, further information is xiecessary about

o et tha ree,nmse function before trial data are extracted from spectra at 48, 50 and 54 MeV,
Yol ] 'iwisle « pives a comprehensive summary of tle data extracted at various beam cnergies.

o The errors reported are statistical only but the errors introduced by the uncertainty in

the background slope have also been estimated and transferred 4o the angnlar distribution
points, hefore anas; ois with the -ode DISANG [29), This is based on the MINUIT routine; o

a yeduces tue expzrimental points to the center of mass syste (21 and fits the angular
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FIGURE 8 An exantple of complete spectrum fitiin

-

g for proton radiative capture to 13N at By = 43.2MeV

and two different photon collection angles (60 deg upper part; 120 eg lower patt), Shown are the total fit

(dots) and the subtracted background (

full line). ‘i
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Proton Energy 40 MeV

Angle  X-Sec +/- X-Sec +/~ X-Sec +/~ X-Sec 4/— = X-Sec +/=~ X-Sec
[nb/=t] [nb/st] [nb/sr] [nb/sx] [nb/srl [nb/sr]
30 182 7 64 2 776 13 163 7 111 4 78
45 226 B 14 4 961 33 204 7 126 -~ 5 120

o0 228 8 98 4 995 34 186 7 129 5 125
75 196 7 93 10 955 - 99 199 17 119 4 166

a0 175 6 78 3 737 25 170 6 124 5 122

105 118 4 44 2 524 40 153 5 g9 3 138
120 71 3 11 1 350 12 136 5 g2 3 114

148 17 1 2 0 134 5 103 4 109 4 189
(p,e0) (p,gl) (p,22+3) Ex=7.5 Ex=11 (p,p

Proton Energy 43 teV
Angle  X-Sec 4/- X-Sec 4/~ X-Sec 4/~  ¥X-Sec 4/~ K-Sec +/- X-Sec +/-
{nb/ar] (nh/sx] {hb/sr] [nb/sr] [nb/sr] [nb/sx]

3G 170 ® 92 4 737 25 62 3 123 5 11 4
4° zis 8 122 5 926 32 152 7 178 7 27 4
60 294 11 123 5 1136 39 173 8 182 8 35 5
75 280 10 109 5 1018 35 178 8 205 9 43 1
90 200 7 135 5 682 23 117 5 154 6 31 5
105 126 5 50 2 493 17 117 5 102 5 32 4
120 94 4 24 1 330 12 128 6 a0 4 22 4
136 52 2 21 1 160 6 103 5 95 4 22 4
148 29 2 2 0 104 4 101 4 86 4 19 3
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Proton Energy 46 leV

Aiigle  X-Sec +/- ¥-Se¢ +/=  X-Sec +/- X-Sec +/-
[nab/sy] [nb/sr] {nb/sc] (nb/sc]
30 310 1L 0L 4 1295 44 289 10
45 283 16 g2 3 1348 39 250 9
60 407 L4 148 5 1830 55 346 12
15 358 13 125 5 1632 46 284 10
a0 258 9 gt 3 1143 34 278 10
105 127 4 9 1 498 15 166 6
120 123 4 21 1 497 14 166 6
135 62 3 2.0 226 8 150 6
148 31 1 0 0 2% 5 114 5
(p.g0) (p,8l) (p,g2+3) £1=7.5
Proton Eneray 49 NMeV
Angle X-Sec +/- ¥-See +/- K-Sec +/= X-Sec +/-
[nb/st] [nb/sr] [nb/sr] (nbh/sr]

30 283 10 88 4 1218 42 295 11

_ 4 380 L4 68 3 1477 51 302 1l
60 309 16 129 5 1565 54 267 11
90 in3 1l 6 3 1032 35 267 10
100 137 5 30 1 397 14 148 6
135 51 3 3 0 213 8 128 -6
(p,20) {p,al) (p.g2+3) Ex=7.5
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Proton Energy 52 MeV
Angle X-Sec +/- X-Sec +/- X-Sec +/-  ¥X-Sec +/~ X-Sec t/- X-Sec +/- X-Sec +/~  K-Bec +/- “‘":l
[nb/sr) [nb/sy] [nb/sx] [nb/sr] [nb/st] (nb/sr} [nb/sr] [nb/sr] e
‘ 30 257 11 175 7 1018 36 100 5 139 50 100 6 128 6 208 10 L
¢ 45 377 18 129, 5 2191 76 401 15 290 11 259 11 262 11 443 17 ;
50 357 15 112 5 2064 71 435 16 290 11 252 10 299 12 558 21
75 27171 1l mr 5 1551 54 286 11 291 11 346 14 318 13 654 25 p
90 199 9 3 2 1070 38 272 12 239 10 181 9 9 5 488 20
100 an 5 8 1 391 15 226 10 260 11 224 1l 106 6 246 12 ey’
136 61 3 213 8 135 6 L 5 129 7 107 5 285 12 o
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Proton Energy 66 MeV E: i
Angle X-Sec +/- X=8ec +/- =
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distributions to the Legendre polynomial expansion

d 4
d—g. = A4, (1 + Z a;Pi(cos 9)) [4-1]

’ =1

The inclusion of a fith term was never justified by any marked improvement in the x?
value. Since the number of experimental points (01,05, 197) is normally higher than
five, it is possible to select amongst them the five that have the lowest errors and invert
the functions

o(cos 1) = F(AQ, a1,02ya3,a4)
o(cos b5) = F(A0, ay,as, as,aq)

to extract the values of the Legendre coefficients as
Ao = f(0'1,0’2,0‘3,04,0'5)

X a4=f(0'1’02)031°'4)05)
At this peint the code computes the standard deviation for the Legendre coefficient Ay o
as (i = 1,2,3,4) from the relation

ol = z -éjiuz
i

dzpy

[4-2]

where 2 is any of the g—g values considered. Figures 9 to 18 give a comiplete review of all the

angular distributions and their fits. Values normalized to the Ay coefficients are reported
and errors are statistlica.l plus errors induced by the uncertainty in the fitted backpround
slope.

4-8 Discussion

The sparsity of experimental data in our energy region has already been stressed.
Comparison with other res‘ﬁlts is therefore extremely difficult and when pérformed leads
to rather striking results as for example in figure 19, where data from ours and previous
experiments '8 (6] [7] (22] gp o disagreements by even a factor of 4 in the absolute cross

section, well outside the experimental errors, Our absolute cross sections are lower than
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