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Abstract

Atomic spectroscopy is fundamental to
study of astronomical objects for their
formation, evolution, composition, physical
conditions etc. Informatiorare extracted from
the spectral analysis of the electromagnetic
radiation emitted by these objects. This article
will focus on the study of Xay radiation which
is used as a powerful diagnostic for
astrophysical plasmas, particularly those
surrounding blek holes. There are space
observatories, such as Chandra, XNNéwton,
dedicated in measuring the-rdy emissions in
astronomical objects. The knowledge of rdy
astronomy is very similar to that used in cancer
treatment in medical facilities. Using this
connection, we have formulated a new method,
Resonant Nan&lasma Theranostics or RNPT,
which gives indication for one mosteeient
way for destruction of malignant cells.

Introduction

The brightness and width of spectral
lines from the plasmas of an astomical object
or environment carry important information on
elemental composition, physical and chemical
processes, abundances of various ionic states,
plasma temperature, density etc. The detection
itself of various broad and narrow band
radiation prowile considerable knowledge of the
object.

Astronomical objects can be studied in a
few ways, such as, imaging, photometry, and
spectroscopy. Images of an astronomical object
can be formed either by brodénd
spectrometer or by superposition of low
resolution pictures of various emissions. It gives
general information on the highw

temperature regions, shapes and sizes, and OPJect. su
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location of the object. Figure 1 is an example of
an image of galaxy Centauras A with a black
hole in the center. The falling gles spiral
around the black hole, move faster close to it
and release energy in the form of radiation,
mainly X-rays. The highly energetic super hot
atoms near the black hole are in a plasma state
and emit b2pitrgnsitions)KXdhays.( 1 s
One mainevidence of presence of a black hole
is large amount of high energy - Xrays,
especially hard Xays (wavelength range less
than 100 ¢e) emi ssi on.
jets of particles, formed by the conservation of
energy and angular momentum of thdlirg
particles, on the opposite sides.

Figure 1: Image of galaxy Centaurus A showing the
presence of a black hole and its jets at the center
(Observed by Xay space observatory Chandra). In
the image: red indicates leenergy Xrays. Toward

the center, the green represents intermediatergy
X-rays, and blue that of the highest energyays.

The dark green and blue bands are dust lanes that
absorb Xrays. A jet of a billion solamasses
extending to 13,000 light years is seen being blasted
out from the black hole.

Photometry gives some more
information on the elemental composition that
can be used to categorize the astronomical
ch as, a carbon star which produces
dominant carbon lines. Figure 2 shows the



photometric image of the supernova remnant
Cassiopia A created from observations by¢hr
space observatories, Spitzer, Hubble, and
Chandra.

Various colors indicate production of
various types emissions, infrared, visible, and
X-rays from the remnant. They provide
information on activities in various regions of
the remnant. Supernova expglwss introduce
elements heavier than iron or nickel in space. In
a star, nuclear fusions create elements from
helium to iron and nickel. In the universe the
most abundant element, up to 90% is hydrogen.
Helium is the next with 7%. The rest of the
elementswhich combined together is called the
metals, consist mainly of Li, Be, B, C, N, O, F,
Ne, Na, Mg, Al, Si, S, Ar, Ca, Ti, Cr, Fe, is
about 3%. The existence of heavier elements in
our solar system indicates that the system was
created from the debris ofgernova explosions.

Figure 2: Photometric image of supernova remnant
Cassiopia A observed by three space observatories,
Spitzer shows infrared (red) emission, Hubble shows
visible (yellow), and Chandra showsray (green
and blue) emissions of the remnants. While the star
elements arérom H though Fe, some Ni, the heavy
elements, beyond Iron, are created through nuclear
fusion during supernova explosions and are
scattered into interstellar medium

Spectroscopy of an astronomical object
gives the most detailed information on physical
conditions of temperature, density, abundances,
etc. and the chemical composition. The
brightness of the line indicates abundance of the

element and width of the spectral lines indicate
other éects such plasma broadening due to
collisions, Stark &ects et. Figure 3 shows the
well-k n o wn () tragsitien array lines of
iron near a black hole in Seyfert | galaxy MCG
6-30-15 6 observed by Advanced Satellite for
Cosmology and Astrophysics (ASCA) and
Chandra. The maximum energy for a-Zs
transition in ion is 5.4 keV. However, the large
extension of the lines toward low energy means
that the escaped photons have lost energies in
the black hole. Xays are powerful diagnostics
and there are space observatories dedicated in
measuring Xray emissions.

Radioative Atomic Processes

Figure 3: T h e  K2p) trénkiton array lines of

iron around 6.4 keV observed by ASCA and
Chandra. The asymmetric stretching toward lower
energy to about 5 keV indicates presence of a black
hol e nearby.
gravitational potential of the black hole.

Several atomic parameters relevant to
the atomic processes emitting or absorbing the
photons are needed to study the astronomical
objects. Interaction between an atomic species
X+z of charge z and &-ray photon or any
other photon usually lead to two processes,
photoexcitation (inverse is dexcitation) and
photoionization  (inverse is electraon
recombination). In photoexcitation an electron
absorbs the photon and jumps to a higher
excited level,
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but remains bound to the ion. The asterisk (*) N . N,
denotes an excited state. Its strength is VR _ Z B v 2z +NT 2 (2)
determined by the oscillator strength (f). The p ri o ST

atomic parameter for dexcitation is the
radi ati ve dec aycoaeadnt o randeelativistic enebndy ermg\are,

In photoionization/ phatdissociation/ the mass correction fjmass  — —% Z_‘,. pf‘
photoelectric @ect an electron absorbs a _ '
photon and exits to continuum or a free state: the Darwinterm HP* = % S, v (;)

otz Lot L, N .
X+ — X € and the spinorbit interaction

This direct ionization gives the — H* = ijjjf&} L.S.
background  feature of the  process.

Photoionization often occurs via an intermediate
state, the doubly excited aimnizing state, as
shown below.

The rest of the terms are weak interaction-two
body terms.

The wave functions and energies of the
e X = (X { e+ XAl atomic system are obtained by solvin"q =
Xt 14 hy DR EQ. The solutions are bo
and continuum statesith E >0. They are used

An electron collides with the ion and goes to the © calculate the transition matrix elements with
doubly excited autoionizing state. The state PNhoOoton i nteljalf wkme the <
leads  either to autoionization (Al) when the dipole operator D x; ri and the sum is over all
electron goes free or dielectronic recombination  €l€ctrons, and the corresponding line stregnth

(DR) when a photon is emitte@he inverse of S.. The oscillator strength;§f radie_tive de_cay _
DR is photoionization. The photoionization 'a€ @) , and photoi onipgati o
cross g gwethe measu@ of ionization are then obtained from the line strength as

robability. } %

P Y j}){fﬁ} S, Ajisec™) = 0,8032xml°fi S (3)
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Theoretical Treatment :
The atomic par@ncant Ber s op(Ka,v)— 4’"'; o Eij g (4)
obtained from atomic structure calculations or M
the Rmatrix method. Inrelativistic BreitPauli ) )
approximation the Hamiltonian is written as _ The useful quantity mass attenuation
(e.g. [1]) coexcient for a photon absorption by an atomic

species with atomigzvei ght WA s sa

HBP _ HNR + gmass + HDm‘ + 5 + except by a constant faCtOI‘,

N ) . opr(v; Ka'
%Z [gij(s0 + 50") + gij(55") + gij(ess’) + r(v; Ka) = MU4) ®)
91;'((55) + gi;(00")] 1) where u is 1 amu=1.6605%%g.

whereH"Ris the nonrelativistic Hamiltonian



Resonant NanePlasma Theranostics for
Cancer Treatment

The physics of Xray spectroscopy for a
black hole is very similar to that of -y
sources in medical facilities, especially for
cancer treatment. The mainaérence is in the
atomic species. Medical facilities typically use
heavier elements because of their characteristic
absorption or emission of high energyrays.
The absorption oremission occurs largely
through the inner shell transitions. These

transitions can be used as the source of radiation

or electrons productions in biomedical
applications. Using these facts we have
developed a new method called Resonant Nano
Plasma Theramstics [2, 3, 4] (RNPT) or in short

addition to more &ective treatment, the
experiment showed that with gold nanopatrticles
less intense radtion was needed for the
malignant cell destruction.

il ’Aé

Figure 4: Cancer treatment with gold nanoparticles
and Xrays [5].
Top left: radiograph of mouse hind leg before and

Resonant Theranostics. Theranostics stands for after injection of gold nanoparticles (1.35g Au/kg) in

the two words, therapy and diagnostics
(imaging). Through RNPT we show how
monochromatic Xays, targeted at resonant
energies, can be used for mosteaent
treatment of carer with elimination or grossly
reducing the harmful side aects due to
overexposure in irradiation. The objective has to
deal with several factors which are described
below.

Cancer Treatment with Nanoparticles

Experiments on mice have shown that a
canceous tumor can be treated moweetively
with gold nanoparticles embedded in the tumor
and then irradiated with Xays rather than X
ray irradiation alone [5]. Figure 4 has 3 pictures
from Heinfeld et al [5]. Gold nanoparticles were
injected in to thdnind leg tumor of the mice (top
l eft ygure). Thirty
with only gold (no treatment) tumor increased,
with X-rays the growth was reduced. However,
with gold and Xray reduced the tumor by 80%.
The | ower ri ght yajwithe
these three treatments. The topmost line
(triangles) showed 85% survival over a year
with higher gold concentrations and-r&y
irradiation. In

the tumor.

Top right: tumorgrowth reduction in 30 days with
only gold, only radiation, and with gold and
radiation (30 Gy).

Bottom right: Mice survival treating with only gold,
only radiation, radiation and two concentrations of
gold.

Studies are being carried out with many
diderent nanoparticles as gold is expensive.
There are a few criteria to meet by the
nanoparticles. Toxicity is one most important
issue to resolve since most of the nanoparticles
become toxic in vivo. The other issue is
radiation absorption. Nanoparticles sliblbe
high-Z heavy particles. These can absorb high
energy Xrays that are nomteractive to
biogenic elements, such as, H, O, C, K, Fe etc.

Gold has been the most studied irhnanoparticle?] at

da¥sSit £&&mbs highMRdidy -nags

ARV st
nontoxic to body cell.The other elements of
interest are platinum, iodine, bromine,

S’gﬁdolinium etc. In a nanoparticle compound,
0

WPt high™? efefentSisYablé tb thteract with
the radiating high energy-Kys since the other
constituent lighter elements of the compound
will be transparent to the high energy photons.



Photoionization and Low Energy Electron
Productions

During irradiation, the gold
nanoparticles absorb-¥ay photons and produce
low energy electrons through photoionization.
These ejected electrons attach theneslo the
surrounding cells leading to breakdown of the
DNA. Research investigations have been carried
out in an @ort to increase the production of
ejected electrons. The focus has bearthe k
shell ionization energy of the atom or ion. It is
known that photoionization rises at the
ionization thresholds of various shells as
illustrated in Figure 5. It shows the rises in the
background photoionization cross section (blue
curve) at M, L-, and Kshell ionization
thresholds of gold [6]. The rise at-&dge $
assumed to produce more electrons through
photoionization of by absorption of -bays.
However, experiments have not been able to
detect any such increment. RNPT predicts that
the energy for enhanced electron production will
occur due to resonances belaiwve K-shell
ionization energy.

Photo-Absorption Ceoefficient of Gold
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Figure 5: Photoabsorptionca&c i ent o of
blue curve represents the background with rises at
M-, L-, K-edges. The high resonances (red) lie below
the K-edge and peak orders of magnitude higher
than that at Kedge.

RNPT prediction is based on the atomic
properties of higiZ elements. These properties
for heavy elements are largely unknown.
Through atomic structure calculations, we can

predict resonances and the resonant energies.

They correspond to 4% transitions. We
concentrateon 38 p KU transi ti
the strongest ones ([7, 8]). The energy for the
1s2p transitions varies some with the ionic state
of the element and gives a narrow band resonant
energy for the element. The strength of the
process depends on the oscillator strength of the
transitions. The KU tr
resonances in photoionization cross sections that

are orders of magnitude higher than that around

the K-edge. Hence, although there is a rise, the
magnitude of the Kedge rise is considerably

(OJ A N

i nsigniycant to | ow ener
resonances. These resonances for gold are
Il lustrated in Figure 5.

all resonances due to -2p transitions in all
ionization stages, from-Ro H-like gold. The
purpose of the sum is to show the resultant
edect of Auger transitions as gold is being
ionized through cascading as explained below.
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Figure 6: i) Auger process, ii) Kostekronig
cascade, iii) inverse of Auger process for gold

Auger Process and RNPT

K-shell ionization of a higliz element
by a Xray photon ejects an electron and
introduce a hole or vacancy. This leads to Auger
£'9GeSF . whqre;] an uppershell electron drops

own y Il the vacan
excess energy WhICh in turn cgea another L
shell electron. The vacancies in theshell will
be yll ed out hell etetronp.pi ng
Such process can lead to Kositepnig cascade
giving out a number of photons and electrons as
the element goes through various ionic states
ard the vacancies move to the outermost shell.
The yrst two diagr ams
process in gold for which the energy levels go

cy
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up to P. The resonances in Figure 5 shows that
such cascading has the maximum probability at
the resonant energymge and such cascade is
are highly desirable in radiation therapy
application.

The 1s2p transitions can occur for nine
ionic states,
The 2p subshell is yl |
number of 122p transitions in each ionstate is
diderent because of @erent number of 2p
electrons. Atomic calculations [7] show that
there are 2, 2, 6, 2, 14, 35, 35, 14 and 2
transitions in H, He, Li-, Be, B-, C-, N-, O,
and Flike ions respectively. Hence in the event
of breaking of gld to its various the ionic states
due to Auger process
transitions for the element. For gold, the
resonant energy range corresponding to all these
transitions is 67- 71 keV. The right most
diagram in Figure 7 shows the inverdeAuger
process. By an external-bay source, the K
shell electron can be excited to a vacancy-n L
shell and thus introducing another hole iR K
shell. This will in turn multiply the electron
productions.

Figure 7: Typical setup of a Xray source ina
medical facility. Inset: diagram of radiation

X-Ray Sources in Medical Facilities

The X-ray sources used for therapy and
diagnostics in medical facilities implement the
Roentgen Xray tube which is still very much
the same as the original sgi. A bean of
electrons is accelerated across the potential
diaerence between the cathode and the anode,

striking a highZ target such as tungsten (Z=74),
producing characteristic radiation, known as the
bremsstrahlung, as they decelerate as shown in
the inset of ure 7. The emitted radiation
ranges all energies from zero to the peak value,
denoted as KVp for peak voltage in KeV, of the
machine potential. The typical-day sources are

f rom hydrhglgeaergy linear doaeleratdarsroeLINACslofaup i o 1

te d0-15OMVyp, omlalver enem@y nwdames. suclT h e
as CAT Scanners of up to 2280 KVp.

The low energy Xays interact with
biogenic elements and cause considerable
damage to cells. Hence the exposure by low
energy radiation is redu
of aluminum. Figure 8 shows the

c abremshtrahluag (@urvet with sguares) df turigdteh K [

radi
br e

(W) with | ow energy
ylter. The resultant
distribution starting with low intensity Xays
which peaks around 1/3 of the peak voltage of
the machine. Howeverthe patient is still
exposed to indiscriminate radiation of relatively
large energy band where the high energsai(s
pass through the body
attenuation. Therefore, for both the low and the
high energy Xray sources it becomes nesas/

to increase radiation dosage to high levels as
well as high energy intense beam in order to
penetrate the body tissue to reach the cancer
site.

W |

ntensity (2 rfokrang)

Phatan Energy (keV)
Figure 8: X-ray bremsstrahlung radiation by W
(squares) with low energy-Xay s are yl ter .
an Alyl ter (dotted curve)
radiation distribution with a peak around 35 keV.



Producing Monochromatic X-Rays

To avoid the radiation damages, RNPT
aims to create monochromatic Xays targeted
to the resonant energy. One particular technique
to generate the targeted radiation is based on
partial conversion of bremsstahlung radiation
into monochromatic KU
to create preli minaysy
from the bremsstrahlung radiation of as®urce
at a medical facility by sing a zirconium plate.
The X- rays were absorbed by Zr for inner K
shell ionization which was followed by radiative
decays by the upper shell electrons. The
puorescence in Zr prod
X-rays shown in Figure
emission). It may be assumed, to a good
approximation that each-khell ionization leads
to the production of
should be moredective with high Zelements,
such as for Pt or Au, since thelKuor es c e
yi el d, YK is cl osdhet o
branching ratio:

a

WK —

(6)

where A is radiative decay
autoionization rate. It also means thatray
photons, from threshol
to the peak voltage of the bremsstrahlung, could
be used to produce the mamoomatic beam
with high eeciency. The work is under process
for an enhanced intensity of the monochromatic
beam with a high Z plate [9].

rate, JAis

The advantage of monochromatic over
bremsstrahlung radiation is that the former can

be controlled and targeted atespey ¢ f e a't
X-ray photoionization cross sections for
maximal radiation absorption. Such

spectroscopic radiation should be far more
ecient with reduced exposure. In addition, in
contrast to broadband imaging, spectroscopy

datteguafien eerty

gives more detailed microsagpand accurate
information.
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Figure 9: Monochromatic Xrays (the high peak)
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Figure 10: RNPT: Monochr oagsat i ¢
irradiate the tumor doped with high Z nanopatrticles.
Auger process leads to cascade and ejections of
electrons for cell destruction while emitted
radiations are detected for imaging and to observe

of the ylter pla

RNPT and Monte Carlo Simulation

Combining all elements together RNPT
scheme can be described in Figure 10. A
targeted monochromatic -Ky beam, at
resonant energy of the nanoparticles embedded
in the tumor, irradiates the tumor. Thediation
iSr absgorbgd hand Auger process is initiated
followed by enhanced emission of electrons and
photons from inner shells. While ejected Auger
electrons destroy the surrounding malignant
cells, attenuation of incident-Kays and emitted
b uor e s coesrfar imggimgare detected.



With
resonances,

the gold atomic data with
we carried out Monte Carlo
simulations of RNPT using the Geant4
computational package [8]. The simulation
showed that the RNPTT scheme would enhance
the rate of Auger processes via Codteonig

and SupelCosterKronig branching transitions

[ 1], and result in
and photon emission. The geometry of the
experiment is given in Figure 11 where a water
phantom (15x 5 x 5 cm) models body tissue
(density 1.02 g/cc in contrast to 1.00 g/cc of
water) with a tumor of thickness 2 cm at the
depth of 10 cm below the skin. The tumor is
embedded with gold nanoparticles of thickness
2 cm at 5 mg/ml.

/"‘Z Water

b0

Nano material

Figure 11: RNPT simulation:

(Left) A water phantom with a gold layer models a
tumor of thickness 2 cnembedded with gold
nanoparticles 10 cm from the skim.

(Right) Snapshot of 68 keV-rays transmitting
through the water where considerable number of the
photons are lost by Compton scattering before
reaching the tumor.

The simulation experiment was catie
out with three dierent monochromatic -Xay
beams, 68 keV (the resonant energy for gold for
enhanced photoabsorption as predicted in
RNPT), 82 keV (Kshell ionization energy that
most experiment have focused on), and 2 MeV
(voltage at highest intensitp ia 6 MeV LINAC
at medical facilities). The simulation results are
presented in the following two plots, Figures 12
and 13. Even with signi
Compton scatterings, the 68 keV beam reaching
the tumor had the maximun@ects. Figure 12
presents counts of electron productions at the

three Xrays irradiation. The red curve
represents the electrons produced with gold
nanoparticles in the tumor while the blue curve
represents the production without them. The
electron count is over 3 at 68 ke contrast to
0.03 at 82 keV and about 0.7 at 2 MeV. A
considerably large number of electrons, by more

68 keV Xrays compared to those by 82 keV
and 2 MeV.

Number of electrons emitted per depth

68 keV]

0.1 —= I uMmoEs——

w ael 82 keV|
=

£ 01 —=fTumoeg=—
s

& 0.05\

2 MeV]

——With nanomaterial

—— Without nanomaterial
] 50 100
Depth (mm})

Figure 12: Number of Auger electrons produced
with depth following Xray absorptions: Red curve
tumor embedded with gold nanoparticles at 5 mg/mli
in region 100 to 120 mm, Blue curveonly water.
Top: Xray at 68 keV- aver aged KU
energy, Middle: 82 keV- just above Kedge
ionization energy, Btom: 2 MeV- high energy X
rays commonly used in clinics.
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Figure 13: Dose enhancement factor (DEF) with 3
X-ray beams, resonant 68 keV (red),-skell
iciZatdm dnerdy 85 &V @rben) P dhd diirfcAy®
common beam of 2 MeV (blue). The resonant beam
gives he most dect DEF at the lowest
concentration of gold nanoparticles [8].
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QCD studies with arti-proton at FAIR: Development of SiPM based Scintillation

Detector
Bidyut Jyoti Roy

Physics Goals

Understanding the strong nuclear force
in terms of quarks and gluons one of the
outstanding questions in nuclear physics. The
Quantum Chromo dynamics (QCD) is the basic
theory of strong interactions and the study of
QCD will be one of the highlights of the
programme at future international facility FAIR
(Facility for Anti Proton and lon Research),
Darmstadt, Germany. The central part of FAIR,
which will be an upgraded facility of the
existing GSI accelerator complex, is a
synchrotron complex consisting of two separate
synchrotron  accelerator rings of same
circumferenceand housed in same tunnel. One
of the major goals of the accelerator complex is
to provide intense pulsed proton beams at about
29 GeV which will be then used to produce
antiproton beams. The antiproton beams will be
accumulated and transferred to the Higergy
Storage Ring (HESR) where the antiprotons can
be accelerated between 1 and 15 GeV/c thus the
maximum centre of mass energy in antiproton
proton collision will be approximately 5.5 GeV.
A versatile detector PANDA (antiProton
ANnihilation at DArmgadt) will be installed in
the HESR storage ring where internal target
experiments (with frozen hydrogen target in the
form of pellet as well as nuclear targets) can be
performed. The collaboration, known as
PANDA collaboration, has proposed a rich
experinental programme [1, 2] that aims study
of fundamental questions of hadrons and nuclear
physics, carry out precision tests of the strong
interaction, investigation of #medium
modifications of hadron mass as they interact
with nuclear matter, spectroscopy single and
double hypemnuclei and study of
electromagnetic process to measure nucleon
form factor.

The one of the main topics at PANDA is
the study of charmonium (ccbar meson:
c=charm quark, cbar=antharm quark)
spectroscopy and search for glubafisl &ybrids
in the charmonium mass region. Gluballs are
excited state of pure gluons whereas hybrids are
resonances consisting of a quark, an antiquark
and excited gluons. These gluballs and hybrids,
in contrast to normal mesons and other ferfmion
antifermian  systems, can have sgRotic
guantum numbers as the gluons carry additional
degrees of freedom. Lattice QCD calculations
predict a whole spectrum of bound gluon states
and hybrids, whereas experimental information
is scarce. Bound gluonic systems offeunique
way to study one of the long standing problems
in hadron physicsthe origin of mass of strongly
interacting particles. As we know, the Higgs
mechanism might be responsible for creation of
mass of elementary particles. But for proton, the
Higgs mehanism accounts for only a few
percentage of its mass while rest of its mass, as
believed to be, created by the strong interaction.
The gluons which are massless carry color
charge i.e., charges of strong interaction and
thereby interact strongly betwedhemselves.
This mutual gluon attraction may allow
formation of meso#ike bound states of gluons
even if no quarks are present. Thus gluballs
acquire mass which arises solely from the strong
interaction. At PANDA it should be possible to
search all gluealls and hybrids upto mass 5.5
GeV and make a high precision study by
detecting both hadronic and electromagnetic
decay modes revealing their true nature.

For the charmonium spectroscopy (both
hidden and open charm), the goal at PANDA is
to make a comphensive measurement of
spectroscopy of charmonium systems and hence
to provide a detailed experimental information
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of the QCD confining forces in the charm region
to complement theoretical investigation. It

should be highlighted that most of the

charmoniun states have very narrow width and

low production cross section, only in

experiments like panda with its phase space
cooled antiproton beam and high luminosity it is
possible to measure their mass, width and a
systematic investigation of decay modes.

Investigation of medium modification of
hadron mass in nuclear matter is another
interesting topic that has been planned at
PANDA. These studies, so far, have focused in
the light quark sector eg., pion and kaon mesons
due to the limitation in available emgt The in
medium pion mass is observed to shift as
compared to its vacuum value and piaurcleus
potential has been deduced from experimental
studies of deeply bound pionic atoms at GSI[3].
For kaons, repulsive mass shifts for K+ and
attractive mass sh#t for negative kaons are
observed experimentally [4 and references
therein]. At PANDA, the medium modification
of hadron mass studies can be extended to the
charm sector (with both hidden and open
charm). For example, experiments are being
planned to studgubthreshold production of D
Dbar mesons in antiprotoin nucleus collision.

If the D meson mass gets reduced in the nuclear
environment, the imedium DDbar threshold
would be lowered resulting in an enhancement
of production cross section at stitveshdd
energies.

The PANDA collaboration has an
extensive program on single and double
hypernuclear physics. Such studies will provide
us information on hyperenucleus and
hyperonhyperon interaction, the present
knowledge of which is very limited. So fanly
few double hypernuclear events have been
observed. Hypernuclei are nuclear systems in
which one or more nucleons are replaced by
hyperons. A hyperon in a nucleus is not bound
by the Pauli Exclusion Principle, unlike a

neutron or proton do. As a resiilcan populate

all possible nuclear states which are not
accessible otherwise. Certainly hypernuclei
studies will provide a sensitive probe to the
nuclear structure. It is to mention that JPARC
accelerator in Japan has a programme on
hypernuclear studies.However, at JPARC
hypernuclei are produced with kaon beams that
make certain limitation. The PANDA
experiment plans to take a totally different and
unique approach to hypernuclear physics in
antiproton T p annihilation process thereby
allowing a rich protamme on hypernuclear
physics. More details on the physics
programme with PANDA can be found in
refs.[1, 2].

The SciTil hodoscope detector

The PANDA detector is a complex

detector designed t o
high  resolution for tracking, partel
identification, calorimetry, and high rate

capabilities (about 2 xIGnnihilations / s). The
details of the PANDA detector is described
elsewhere [1, 2]. The Indian group has taken
responsibility in construction of some
components of the PANDA detectanamely,
Luminisity monitor (based on silicon microstrip
detector) and silicon photomultiplier (SiPM)
based fast scintillation detector (known as SciTll
hodoscope). The present article reports the
design details and initial R&D studies with
SciTil/SIiPM in which the physics department,
AMU, Aligarh, has taken interest to contribute
in this development together with the Nuclear
Physics Division, BARC, Mumbai and Gauhati

university, Guwahati from the Indian
collaboration side.
The detector, SciTil, will arve for

precision time measurements for triggering and
determination of timef-flight. The detector, in
the present design, consists of about 5700
scintillator  tiles readout by  Silicon
Photomultipliers (SiPM) and will be mounted in

ac
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the space Dbetween theelectromagnetic
calorimeter (EMC) and DIRC Cherenkov
detector (DIRC stands for Detection of
Internally Reflected Cherenkov light, it is a
Cherenkov detector for particle identification of
high energy charged patrticles like pion, kaon,
proton etc.). The ewept of SciTil provides the
use of minimum material (so that not to
deteriorate performance of other surrounding
detectors) and a good spatial resolution due to
its granularity. The timing detector concept is
based on 3 x 3 x 0.5 émscintillator tiles
maching the front face of the calorimeter
crystals. The scintillation photons produced in
the scintillator tiles due to passage of charged
particles will be collected and readout by
SiPMs. The number and size of the SiPMs and
position of SiPM that will be @upled to the tile
will be optimized based on a detailed simulation
and R&D studies. In addition to timing and
position information, the hodoscope will allow
clean detection of gamm@nversions in front
of the EMC in particular within the region of
DIRC. In addition, it is best suited for
discrimination between charged and neutral
particles. The conceptual design [5] of the
SciTil is shown in the Figs.-2.

I

&\\\\\\\\\\\\\\\\\Wﬂ/f/

d EMGCcalorimeter)

Fig.1: A conceptual design of half shell of the SciTll
is shown along with the EMC crystal.

Fig. 2: (Left) Design view of a single scintillator tile
with SiPM attached. (Right) a quad SciTil module
with planned PCB readout.

R&D studies with Silicon Photomultiplier

Silicon photomultipliers (SiPMs) are
very new type of photoounting devices that
show great promise to be used as detection
device in combination with
scintillators/Cherenkov  radiators. SiPM is
essentially an avalanche phatmde operated in
limited Geiger mode. The SiPM module is a
photon counting device capablof low light
level detection. It is essentially an opto
semiconductor device with excellent photon
counting capability and possesses great
advantages over the conventional PMTs because
of low voltage operation and insensitivity to
magnetic fields. In man of the high energy
physics experiments, the photon sensors are
required to operate in high magnetic fields
precluding the use of conventional PMTs. This
problem can be overcome with the use of
SiPMs. SiPM operating in Geiger mode, a very
large gain (~ 1f), magnitude of which is
determined by the internal diode capacitance
and applied ovebias voltage, comparable to
that of PMTs can be achieved. A SiPM consists
of matrix of micro cells (known as pixels),
typically between 100 and 10000 per fniach
micro cell acts as digital device where the
output signal is independent of the number of
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photons absorbed. When all the cells are
connected in parallel, the SiPM becomes an
analog device thereby allowing the number of
incident photons to be counted. DetailR&D
studies with SiPM are needed for the use of this
device to PANDA experiment. With this
motivation in mind, we have developed a SiPM
test facilty and have tested several
commercially available SiPM for their
performance study[6,7,8,9] and comparison
with other photon counting devices. Different
types of SiPM manufactured by Hamamatsu and
Zecotek with different sizes of pixels and active

measured the particle detection efficiency
(PDE) as a function of wavelength of the
incident photons.For this, a monochromator
that spans wavelength from 200 to 800 nm was
used. Different intensity filters were used for
light intensity attenuation. The phesensitivity

of different SiPMs was normalized with a PIN
diode which itself was calibrated by the
producer. The dark count of the MPPCs were
measured at 0.5thr and 1.5thr and found to be in
agreement with the specifications provided by
the supplier. Fig.3 shows a typical SIMP
spectrum for low intensity laser light, showing

area have been tested. A list of the SiPMs used up to eight individual peaksorresponding to

in the present study is given in Table 1. Studies
are also being donevith Hamamatsu make
MPPC of size 3 x 3 mfman array of 2 x 2 with
total active area 6 x 6 nfm

Table 1:SiPM details used in our present study.
MPPC1 and MPPC2 are Hamamatsu make
while MAPD3N is from Zecotek.
Device Active Pixel | Pixel
area size ensity
(mnf) | (um) | (Umn)
MPPC1 1x1 100 100
MPPC2 |1x1 25 1600
MAPD3N | 3x 3 7 15000

During the measurement, all devices
were mounted in a light tight box and were
illuminated by a picesecond pulsed diode laser
(make PiceQuant) of 660 nm wavelength as
we l | as LED with @& =
able to distinguish between single and mult
photon peaks, the laser intensity was controlled.
The voltage and current on the SiPM were
measured by high precision multimeter ard |
characteristic of the phottiode was studied.
The preamplifier used
make two varieties: one withigh gain(20xi
60x) but relatively slow rise time(~5ns) and the
other one with lower gain(10X 20x) but
having faster rise time (~700ps). We have also

different number pixels fired.

Number of ph{}t{ms

Fig.3: A typical SiPM spectrum from Hamamatsu

MPPC triggered by laser light. Different peaks

correspond to different photo peaks, hence, the
number of pixels fired. In this case up to eight
photon peaksare seen (photograph taken from

digital oscilloscope with histogram mode on).

In fig.4, we Iot the photon detectio
e@f Qencg} rﬂ%’DE) Id| ribdtidn (ﬁz)ag 5 furkct®n
the wavelength. for Zecotek make MAPD3N
and Hamamatsu make MPPC. For MAPD3N,
the distribution has been normalized with
PDE=24.5% ai. = 450 nm[10] and for MPPC,
RPE=32.4% =490 (111 Iy 0 bg poied
that the present data for MPPC shows much
broader distributio extended over larger
wavelength range as compared to the report of
Hamamatsu.
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Fig.4: (Left part) Photon detection efficiency

distribution of MAPD3N as a function of wave
length normalized with data from ref.[10] at =
450 nm.

(Right part) Photon detection efficiency distribution
of MPPC normalized with data from ref.[11] dt=
450 nm.

For the SciTil hodoscope, in order to
optimize the geometry of SiPM and light
collection efficiency, simulations are being
performed with a Monte Carlo simulation
program SkLitrani. SlLitrani stands for light
transmission i n
having the meaning of super. It is a general
purpose Monte Carlo program that simulates
light propagation in isotropic media (it can also
be used for anisotropic media) and is built upon
ROOT. The one of the main emphasis of this
hodoscope detector is to pide a very fast
timing (sub nanosecond timing), detailed

simulation studies and prototype development
for which are in progress [12].

Summary

The facility for antiproton and ion
research (FAIR) will be a unique facility for the
investigation of hadrontmucture and QCD in
the charm sector. The Indian hadron physics
community has taken strong initiative to be a
part of this exiting physics programme and to
contribute in the detector construction,
simulation & software development and physics
case studiesThe Aligarh Muslim University
has shown interest to be a part of the SiPM /
SciTil hodoscope development work. Initial
R&D studies with SiPM show a great promise
of this device to be used as photon counter and a
great potential to replace the conventiona
PMTs.
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Wong vs.Dynamical Cluster-decay Model for Heavy lon Reactions
Manie Bansal, Sahila Chopra and Raj K. Gupta

Introduction expression via it®-summation, whiched them
[2] to an?-summed extended/ong model, with

Heavyion reactions at lovenergies 2summation effects included explicitly.

(<15 MeV/A) give rise to compound nuclear
systems that are excited, carry angular Gupta and collaborators [810] also

momentum?, and decay by emitting multiple  jntroduced the concept of relative gormation
i ght particles (rByBs: prdbability By of verbus de8a§ products, in
(constituting the evaporation residue ER),  their, secalled, dynamidaclusterdecay model
fusionission ff (consisting of the, scalled, (DCM), in order to be able to study the relative
intermediate mass fragments IMFs of masses contributions of various components (ER, ff and
50A020 and charges -2<ZyckQpturefolld. Thiishif DCM, ghaaddition
symmetric and symmetric fission fragments NSF  {g the penetrability P through kzarrier for the
and SF of masses A/2+20), and many atimes by gecay productsthere is a relativerp-formation

a norcompound, quadission qgf or, factor R associated with them. Thus, the two
equivalently, capture process. Such a counl models (extendetVong and DCM) differ in

nucleus (CN) decay crosection is termed as  thejr P being calculated, respectively, for the
the CN production crossection, or simply as  incoming or decay channel, but are identical for

the (total) fusion cross e ¢ t s, given as the case of &1 for eact?. Note, B’=1 implies

the condition of incoming nuclei keeping their
Ofus=OERT O T O0qt- (1) identity, satisfied only for the gf or capture
process. In other words, in DCMy’R1 for gf
Different compound nucleus reactions and then P is calculated for the incoming
measure different ambinations of these three  channel.
processes (ER, ff and qf or capture) or any one

of them as a dominant mode. The extendedVong model [2] as well as
the DCM [310], bothof @ pt ads gr our
Wong [1] gavea modelfor the (total) applied to various reactions with dominant ER,
fusion crosssection Cgs in terms of the ff, qf (fTcapture), ER+f
penetration probability P of thiearrier for the following, we illustrate their distinguishing

incoming channelwhich has been applied to  aspects via the feG}CtiC?ﬁ\”‘*lle nOVGPt*_with

(s consisting alone of dominant ER, fission or ~ measured total fusion cressctionds,s built up
capture crossection. Actually, Wong worked of the evaporation residuelgs) and fission

out a simplified formula fofis in terms the?=0 (Urs) ~ crosssections,  Uus=Uertliss.  The
barrler propertles (pOSItIOI’I, helght and |mp0rt?nt p0|nt IS that Wong m0d6| dESCI'IbeS
curvature), referred to here as tke0 barier- pnl_y_ Uns, and DCM descrlb_es al - the
based Wong formula, which has recently been individually measurable crossections of the .
shown to be inadequate by Gupta and 9€Ca@Yy P 0dew& diss) tnkience
collaborators [2]. These authors showed that Utus, t_qgether with the fragment masses of the
Wongos a p p rignoted ha talready s identified decay processes

present Abarrier modi fication effectsd in Wong
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The Extended Wong Model and the

Dynamical Cluster-Decay Model (DCM)

ExtendeeMVong model Fusion crossection
due to two deformed and oriented nuclei (with
orientationa n g | )¢ $/ingdn two different
pl anes (with azimuthal
and colliding with E,, defined by Wong [1] in

terms of? partial waves, is

?
fmax

O (Eem 0.@) =5 D (2P+DP(Ec 0, P)

?=0

with k =+/2u4E, /> . (2)

P, is the transmission coefficient for

each ?  calculated in  HilWheeler
approximation of an inverted harmonic
oscillator  to interaction potential

VA(R,Ecm, id 0 ) dnaoming channelas

P, = |:1+ EX[{ 277(\/5; (Ec.m. 6, , @) — Ec.m_)}]. (3)
>C‘)?(Ec.m. ' gi 'CD)

Here, \&’ and >y, are the barrier height
and curvature at barrier positiongR Wong

carried out the summation in Eq. (2)
approximately by  assuming >¥,=>Y,,
VAV s+ /2.R° and RARY  and

obtained a formula in terms of tf¥=0 barrier
basedquantities \4°, Rg® and >¥,, the barrier
height, position, and curvature f@x0, as

0(Em 6, D) = %mlh exp{% €. Ve H (4)

.M.

whi ch on
the fusion cross ect i o Hu.( (B) is
referred to as theZ0 barrier-based Wong
formula

For making an explici>-summation in Eq. (2)
[2], the ?-dependent barrier quantitiessy Rg’,
and >y, are needed, given by tledependent
interaction potential

VLY @A 0T SV &2, TS ™

>20€+1"
=l (5)
2R

where temperature -@ependent Coulomb and
proximity potentials, ¥ and Vb, for deformed,
oriented cep | anar® of inenboplanar
(aP0o nucl ei are 4ir om2[, B1]
are the static quadrupole, octupole and
hexadecpole deformations, and T (in MeV) is
related to the incoming & or the CN
excitation energy Eas E = E.m+Qn=(1/a)
AT4 T, with a=9 or 10, respectively, for
intermediate mass or sugeeavy nuclei. Q is
the entrance or incident channelM@ue. Ths is
referred to as th€ 2summed) extended/ong
model

?max IS determined empirically for a best
fit to the measured crosection (see Fig. 1 in

[2]). If the ?-summation procedure fails to
reproduce dat a, an empir
t he b a introdueed @ither gia the barrier

height \&’, or via the curvaturen,’ defined as

Vg €nodified = V¢ + AVE™,
or  >a,€odfied =>w, +A>0®™" (6)

Note that theibar ri er modi f
AVE®™ [ o r>0®th is a fixed quantity,
independent of, added to (or subtracted from)
the barrier height ¥ [or curvature>w,] for all

integratdi mig go WEKSbot h d

DCM: Introducing the relative pre

formation factor §¥ for all decay products A
i=1, 2, Eg. (2) gives the DCM expression for
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CN decay/ formation crossection for each
process (LPs, ff), as

max max

o(E,, .6, @)= ZO'r,:—Z(Z) HPP, (7)

where B’ refers to motion in mass asymmetry
coor di naA)¥A1+4.%5 (giken as the
solution of stationars c hr ©di nger

at a fixed R=R as

(8)

where 3=0,1,2,statef ¢s
and exciteebtates solutions. Then, the

probabilityp, (A ) =\WR(77(A))\2\/?7,,%’ with a
Boltzmannlike function

ly P=2 lw" I exp(-E" /T)"
v=0

e

2

> 0 1 0 +V(R,n,T)}w”<n>=E”w(n>

1
2B,, 1B, o1

Il n Eq. (8), the fragm
fixed R=R,is

2
VR €. T =D Vipw (T) +8U(M]+Vp + Ve +Vs,

i=1
9)
with Vipm an d uu
effect energies.

as the |

The penetrability P in Eq. (7) of DCM is the
WKB integral,

P = ex —ipj Fy(RT)-Q, FdR
Ra
(10)

solved analytically [13], whose first turning
point RFRy( JT)+R( &) T) +a&R( T)
throughaneck engt h par ameter
fit to measured crossection for each process
and the second turning point , Rsatidy

qui

V(R2)=V(Rp)=Qet=TKE(T), which means that
V(R.)’ acts like an effective @alue, Qu(T,?),
given by the total kinetic energy TKE(T)naxis
fixed for the light particles crossection
QER(?) Y 0 2Rk For the definition of angles
UinradiusvectorsR] and t hejsee i
Fig. 2 in [3]. Note that the nedkngth
parameter &R al so
qubatrr' gwerlngo |
defined for each" as the ifference betweensV

and V(R), AVZ=-[VZ-V(R,)’], the actually
calculated and the actually used barriers.
Finally, for qf (lcaptu
channel plays the role, and hencg=P in

DCM.
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Calculations and Results

mo.d16]] compared with

shel |

We illustrate the distinguishing features of the
two model (extendetlvong and DCM) for the
reaction®Ni+*'?S n ¥t decaying via ER and
fission processes [14]. Fig. 1(a) gives the DCM
results, showing (via Pcalculations) that ER
and fission are the only viable decays, and the
calculations fit the data nicely for qwanar

( 0 9 Gwclei, predicting a small gf comparte

at the highest one abowarrier energy [9],

i Wwhictd raight besdrle zero for, not yet studied,
0B cfagre.t hRobest however
modi f i c a t-bawier énergids is shuilb
in DCM [9].
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Experimental Reactor Physics and its role in the Nuclear Reactor Design
Rajeev Kumar

Introduction

The title of the articles soundemewhat
similar to Experimental Nuclear Physics, but
that is not the case, in fact it is very much
different except one part that is nuclear data
which will be described later in the article.
Basically Reactor Physics is a field which deals
with the neuton transport in the reactor core.
This is further divided into two branches viz., (i)
the steady state neutron transport and (ii) the
neutron kinetics. Theoretical models are used to
study the neutron transport in the core. Various
computer codes based deterministic as well
as stochastic principles are available.

Though, there is enough experience in
construction and operation of nuclear reactors
worldwide, yet when we design new type of
nuclear reactor system, it is very important to
validate its degjn in the domain of physics as
well as in engineering. As far as physics design
is concerned, it progresses in two steps, the first
is that one has to model the reactor core
theoretically and calculations are done to get the
various design parameters usgithe available
computer codes and then all these calculations
are  checked/benchmarked against  the
experiments carried out in a test reactor facility.
This is where experimental reactor physics
comes into picture. Various reactor physics
experiments are caed out in the test facility to
produce the experimental data which are
compared with the calculated values. The
comparison between the measured and
calculated values gives the feedback which
helps in designing the new reactor system.
Presently, there si worldwide interest in
designing the new type of nuclear system like
Gen IV Reactors, accelerator driven sub critical
reactor etc. Experimental reactor physics is very
much required to validate the design of such

systems. Research and development to desig
an Advanced Heavy Water Reactor (AHWR)
based on thorium fuel cycle is going on in
Bhabha Atomic Research Center (BAROC),
Mumbai, India. Various experiments are being
carried out in test critical facility to validate the
design parameters of AHWR.

Experimental Reactor Physics

Let us first understand in brief what is
Reactor Physics all about? The core of a nuclear
reactor consists of fuel viz. Uranium, moderator
(to slow down and thermalise the neutrons in
thermal reactor) and coolant to remdhe heat
produced in the fuel. The fuel channels in the
core are arranged in a symmetric and periodic
manner. The geometry of this arrangement can
be square or triangular/hexagonal depending on
the desired core feature. Reactor physics deals
with the neuton transport through the materials
present in the core in steady state as well as in
transients with respect to time. There are
several  quantities which are required to be
defined to study a reactor core; some very basic
guantities are discussed heflg. Neutron flux
Number of neutrons traveling through unit area
in unit time is called neutron flux and denoted
by A ( neut®mersecond). Neutron m
distribution in energy (energy spectrum) and
neutron distribution in space are important
guantities which depend on the core condition
One thing should be noted here that in spite of
the fact that neutron are fermions, Maxwell
distribution is followed in reactor physics. The
reason is that for typical neutron flux10™
neutron per cfper second, the neutron density
Is orders of magnitude less than the same inside
a nucleus where it behaves like fermions. In
other words the averagasthnce between the
neutrons in a reactor is much greater than their
de Broglie wavelength (there is no overlapping
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of wave functions), therefore quantum effect
does not come in to the picture. ) 2Neutron
multiplication factor (B: Nuclear fission is
chain reactions which multiply the number of
neutrons; this neutron multiplying property is
defined by multiplication factor (k) which
depends on the core configuration and
conditions. It is a ratio of number of neutrons in
a particular generation to the sanm preceding
generation. For self sustaining controlled chain
reaction the value of k should be equal to unity
and it is called critical condition. Otherwise if
the value of k is less or greater than 1, the
system is called subcritical or supercritical
respectively. 3)Worth of control systemit is
related to the properties of the neutron
absorbing materials (required for controlling the
chain reaction) 4Burn up It deals with the
composition of fuel which changes as fuel burns
to produce the energy. Aumber of fission
products which keeps on accumulating in the
fuel, absorb the neutron in a non fission reaction
and hence affect the neutron multiplication
factor. 5)Nuclear data It is basically the cross
sections for several reactions which may take
place when neutrons interact with materials as it
moves in the core.

Nuclear data is very important input to
the reactor physics calculations. The cross
sections of a given reaction and nuclei are
measured in various laboratories worldwide
with  different accuracy and precision.
Sometimes it happens that the cross section for a
particular isotope in high energy (few hundred
MeV) range has relatively high experimental
errors. All these facts cause the uncertainty in
the reactor physics calculation, sinceises the
nuclear data as one of its input. Apart from
others, error in nuclear data is a major source of
uncertainty in calculated design parameter of a
reactor core. The only way to account these
uncertainties is to carry out the experiments in
test reaar facility and compare the
measurements and calculations. This is where
experimental reactor physics comes into play. It

has further two branches one is in core
measurement and the other it out core
measurements which is generally carried out in

radiationshield design.

In-core measurement is being discussed
here in brief. The method used in thecore
measurement is activation technique. It is a well
established technique and used in various other
fields also. The neutron detectors used are called
activation detectors, they are basically small
size foils (2 mm x 2mm) of various materials
like Gold, Copper, Manganese, Iron , Nickel
and Titanium etc. The basic measurable quantity
in the neutron environment is the reaction rate
i.e., the number of reactierthat take place per
unit nuclei per unit time defined as;

Reaction rate=/ ¢ (E)¢(E) dE

Here, 0 ( B)the activation cross section for a
given type of reaction (fission, absorption or
scattering etc) and\ ( Hs)neutron flux. Both
these quantities are function of energy. The
crosss e ¢ t () rvalue8 are known from
nuclear data and hence above mentioned
integral can be unfolded to get the neutron flux.
Other quantities important to characterize a
reactor corealso can be derived from the
reaction rate and can be used to validate the
calculated values.

Now let us see how do the reaction rates
are measured using activation technique? When
a foil like Gold ¢°’Au) is exposed in a neutron
environment, it absorbsa neutron
reaction) and formation of'%®Au takes place
which is radioactive isotope of gold and
undergoes beta decay (Half life=2.7 days) to
produce’®Hg having an exited nuclear state.
The Excited"®®Hg nucleus comes down to its
ground state byemitting characteristic gamma
rays (411 keV). In a simple language we can say
that neutron flux information is stored in the
gold foil in the form of induced gamma activity.
The reaction can be written as equation (1).
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- 7411 keV)
¥TAu (n, y) YAu* 198

(t1=2.7 days) exited state

I?EHg (l)

ground state

The gamma activity of®Hg' is counted by high
purity Germanium detector (HPGe) and the
gamma activity can be related to neutron
reaction rate written in equation (2).

[ o (E))(E) dE= A/ (N g162 €3G (1) (1-exp
(-At)) exp.CAT)) 2

Where,

A = Counted gamma activity using HPGe

N = total number of target atoms

€1 = isotopic abundance

€2 = yield of gamma ray

€3 = photepeak counting efficiency of HPGe

T = time elapsed between end of irradiatiowl a

start of counting

t = duration of irradiation

). = Decay constant for radioactive isotope

G (1) = self shielding factor of activation fot,

is no of mean free path.

c (E) = Activation crossection at energy E

¢(E) = Neutron flux at energy E.

This was a typical example to show, how
an activation detector works. However, Gold,
Copper, Manganese are thermal activation
detectors since they have good activation cross
section in the thermal energy region (0.025 eV
to 1 eV). For fast energy regiodetectors like
Titanium, Nickel and Iron are used, these are
called threshold detectors because they have
finite cross section only after certain energy for
example Iron>*Fe (n, pf*Mn has about 3 MeV
of threshold energy.

The merit of activation detector is that
they are very small in size hence flux
perturbation inside the core is negligible and at
the same time they can be placed any where
inside the core; for example flux inside the fuel
pin also can be measured usingdh detector. It

is an offline measurement technique and there is
no interference of gamma rays which is a matter
of concern in other methods. This was all about
static neutron flux measurement. For kinetic
measurement other technique whose response is
a function of time like reactor period
measurement is used.

Role of Experimental Reactor Physics

Today, there is an increasing demand of
electricity in the society. Per capita electricity
consumption also is an index of development in
the country. Condering the facts like green
house effect and global warming, nuclear
energy is the better option. But at the same time
there are some problems with issues like nuclear
waste management globally and availability of
fissile material in Indian context. Resela and
development are going on to take care of these
iIssues where scientist and engineers are working
on alternative fuel cycle and new reactor types,
for example Accelerator Driven Subcritical
System (ADSS) is one of them. The role of
experiment is diggessed here briefly. In ADSS, a
subcritical reactor core (K<1) is coupled with
accelerator based spallation neutron source.
Spallation is nuclear reaction in which few GeV
proton bean impinges on high Z material target
and produces lot of neutrons which Miklp to
sustain the chain reaction in subcritical system.
The advantage of ADSS is that being a
subcritical system, safety related issues are
matter of low concern relative to existing
critical reactors. The problem of waste
management is also supposedé taken care of
by ADSS.

ADSS is different from the existing
critical system in many aspects for example fuel
type and neutron energy region. The available
nuclear crossections of some important
isotopes in high energy region need more
accurate measement to minimize the
uncertainties in the calculations. Subcritical
reactor physics is different from physics of
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critical system. Hence, new computational tools new computational tool can be benchmarked
are being developed. Considering all these facts, against the measurements. Experimental reactor
it is very important to carry out the expaents physics can help in performing this task and
and generate the data so that uncertainties in the hence it always lpys an important role in
theoretical modeling can be accounted for and designing the new reactor system.
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Proton Computed Tomography (pCT) for Cancer Therapy
Dr. Naimuddin

Introduction

Proton therapy is a rapidly expanding
form of canceitreatment. Because protons have
a finite range in matter, this treatment modality
allows for a greater degree of conformality than
conventional external beam-cdy therapy. To
maximize the inherent advantages of proton
therapy, the range of protons insithe patient
must be able to be predicted with millimetre
resolution. In current clinical practice, proton
therapy treatment plans are made with-pre
treatment Xray CT scans of the patient. To
convert the Xray CT Hounsfield units to proton
relative stoppig powers, which are required by
the treatment planning software, an empirically
derived calibration function is used, which is
specific to each Xay CT machine. However,
because of the different dependence on Z and
the Z/A ratio of Xray attenuation andrpton
energy loss, the relationship between Hounsfield
units and relative stopping powers is not unique.
This conversion process leads to range
uncertainties at treatment time. A preferable
scenario is one in which the relative stopping
power of each pati# is reconstructed directly.
This is the goal of proton computed tomography
(pCT). Figure 1 shows a typical computed
tomography scanner.

Figure 1: Computed tomography scanner

History of proton (hadron) therapy

The use of energetic protongor
therapeutic means was first proposed by Robert
Wilson in 1946[1], while working on the design
of the Harvard Cyclotron Laboratory. Wilson
proposed that proton beams would be
advantageous for the treatment of dsepted
tumours because of the favorabigationship
between deposited dose and depth in the
absorbing material. This characteristic of heavy
charged particles is known as the Bragg peak, a
phenomenon whereby the maximum dose along
a trajectory is deposited in a péelte
distribution toward th end of the range.

Computed tomography with heavy
charged particles, and protons in particular, was
first proposed as a possible alternative toa)}

CT by Allan Cormack [2, 3]. Cormack proposed
that the variable density of matter with constant
chemical composition could be determined by
measuring the energy loss of charged particles
in the matter. Cormack suggested that the values
reconstructed with charged particle CT would
be an important tool in the treatment planning
process of heavy charged partictberapy,
where the depth of the Bragg peak must be
determined with a high degree of accuracy.

Though the proton CT was first
proposed in 60s but a clinical system is yet to be
realized. Difficulties experienced in previous
projects included long acquigit times and
substandard spatial resolution relative teray
CT. The current pCT development project
makes use of advances in high energy physics
detector technology and focuses on generating
pCT specific image reconstruction algorithms to
counteract th aforementioned issues.

Mimicking the progression of Xay
imaging, the initial heavy charged particle
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imaging studies were of radiographic nature (2D that reconstrugn artifacts were present at
projections). Studies showed that by using a boundaries between substances of differing
stack of parallel sided aluminium plates of a density. It was suggested that this was the result
thickness just less than the proton range, of a differing degree of multiple Coulomb
radiographs of much greater contrast could be scattering (MCS) in the two regions.

recorded with protons than that obtained with

X-rays [4]. Subsequently, it was demonstrated Later, Hanson and colleagues achieved
that the high contrast images obtained by proton the first 2D tomographical images generated
radiography provided improved imagirof low with protons [ 8]. Hanson

contrast lesions in human specimens over hyperpure germanium detector (HPGe) and a
conventional Xray techniques [5]. The high multiwire proportional chamber (MWPC) to
contrast obtained in this enertpss form of measure the residual energy and exit position of
radiography is a consequence of the sharpness each exiting proton, respectively. Colliradt
of the Bragg peak. Figure 2 shows the 192 and 240 MeV proton beams from the Los
comparison of energy (dose) dsfied by x rays Alamos Meson Physics Facility were used to
and protons in matter (body). scan 20 and 30 cm cylindrical phantoms
submerged in a water bath, respectively. The
A tomographical reconstruction with phantoms contained cylindrical inserts of
heavy charged particles was firs carried out by varying density to quantify contrast restbn.
Goitein in 1972 [6]. He employed projection  The scanning was achieved by lateral translation
data measured by Lyman with alpha particles to of the phantom across the proton pencil beam
demonstrate the utility of his dstsquares and phantom rotation following full translation.
reconstruction algorithm. Later, in studies by It was found that the pCT scanner could deliver
Crowe and colleagues at LBL, it was shown that 9 times less average dose than the contemporary
alpha particle CT had a dose advantage over X X-ray CT BMI scanner for a given density
ray CT in human head reconstructions. In this resolution. The disadvantage of pCT was found
system, stacks of scintillating plates were used in the lack of spatial resolution. Even with the
to detemine the residual energy of the alpha use of the position sensitive single particle
particles. tracking MWPC to counteract the effects of
MCS, a decrease by a f
It was not until 1976 that a prototype  comparison to the images generated by the EMI
proton computed tomography (pCT) system was scanner was quoted. Hanson pointed to the
constructed by Cormack and Koehler and tested possibility of using curved trajectories as
at the Harvard Cyclotron Laboratory [7]. Their  opposed to straight lines in the reconstruction to

system was based on scanning radially improve spatial resolution.
symmetric Lucite phantom, containing sugar
solution and polystyrene inserts, with a Hanson and colleagues also went on to

collimated 158 MeV proton beam. The detector carry out pCT scans of biological specimens
system consisted of a scintillator crystal with a magnetically scanned pencil beam and
mounted on a photomultiplier to measure the the same detector system as described above [9].

energy of protons after traw#ng the phantom. By rebinning individual proton exit positions
The radial density profile was reconstructed and using an iterative peak fittijgocedure to
with Cormackoés | i ne i ntassgmaareantresidual ragge fo Bach spafial binwi t

this simple system, it was shown that density 2D pCT images of a human heart and brain
differences of 0.5% could easily be were generated with the filtered backprojection
distinguished. However, the authors also noted reconstruction algorithm. A comparison with
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two contemporary Xay CT scanners
reconfirmed the previouindings that, although
a superior dosdensity resolution relationship
could be achieved with pCT, spatial resolution
was degraded.

The development of pCT experienced a
hiatus following the work of Hanson and
colleagues. It was not until the expansioh o
proton t herapy i n t he
interest was placed in proton imaging.
Schneider and colleagues at the Paul Scherrer
Institute, Switzerland used a proton radiography
apparatus to examine the accuracy of proton
therapy range prediction with -y CT
methods [10, 11, 12]. By comparingrdy CT
predicted residual proton ranges with those
measured by a proton radiography system, they
showed that standard treatment planning
procedures in proton therapy could result in
range uncertainties of up to 3% the proton
range [13].

In 2000, Zygmanski and colleagues
presented results from a cebeam pCT system
with the goal of applying the stopping power
tomographs to proton therapy treatment
planning. The residual energy detector system
consisted of a sali state intensifying screen
viewed by a cooled CCD camera. This planar
detector configuration allowed for fast
acquisition and reconstruction of 3D proton RSP
maps.

The FeldkamgDavis-Kress (FDK) [14]
conebeam reconstruction algorithm was used to
obtain the CT voxel data representing proton
stopping powers. It was found that the pCT
reconstructed values were closer to real
phantom stopping powers than the values
calculated with Xray CT followed by
conversion. However, due to the significant lack
of spatal resolution and large degree of noise,
this concept was not pursued further.

Current status of proton (hadron) therapy

Treatment of patients with protons was
first carried out in 1955 at the Lawrence
Berkeley Laboratory (LBL), California. In 1961
the Harvard Cyclotron Laboratory and
Massachusetts  General Hospital began
collaboration in the pursuit of proton therapy.
Over the next 41 years, this program refined and
exdarkdedaée sounding eedhnigues im pantieuthr
by introducing Bragg peak treatments. VWghi
proton treatments at LBL used high energy
Ashoot t hrougho style
advantage of stopping the proton beam at the
distal edge of the tumour was first realised by
the Boston collaboration. During this period
patients were also treated ather research
facilities in the U.S.A, Sweden and Russia.
However, it was not until 1990 that the first
hospital based proton treatment facility was
installed at Loma Linda University Medical
Center (LLUMC), California. Since then, an
ever expanding muaber of hospital based
facilities have been established. There are
currently 28 proton therapy centers operating
throughout the world; 12 in Europe, the UK and
Russia, 8 in North America, 7 in Asia, and 1 in
South Africa. In addition there are 21 facilgie
in the planning stage or under construction. By
the end of 2008, over 60,000 patients had
received proton therapy. The primary factors
limiting even further expansion of proton
therapy are construction and running costs, and
the size of the acceleratoasmd beam delivery
systems required to treat with up to 250 MeV
protons in a rotating gantry. Unfortunately there
is not a single hadron therapy center in India at
the moment. Nevertheless, India is seriously
considering building one proton therapy center
a the Variable Energy Cyclotron Center
(VECC) at Kolkata during the next plan. Tata
Memorial Hospital at Mumbai is also working
on a plan to install one hadron therapy machine.
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How it works

To cover an entire tumour volume with a
uniform dose, the ramgof protons must be
modulated and the initial pencil beam must be
spread laterally. This 3D modulation can be
achieved by passive scattering or active
scanning means. In a passive scattering system
the energy of the proton beam emerging from
the accelerarr is modulated by a rotating wheel
of varying thickness. These modulator wheels
can bedesigned in such a way to produce a
plateau high dose region over a specified range.
This dose distribution is known as a spread out
Bragg peak (SOBP) as shown in FiguR.
Between the nozzle exit and the patient surface,
a field-specific collimator is used to shape the
field laterally to conform to the target volume
and a range compensator is used to correct for
patient surface irregularities, density
heterogeneities ithe beam path, and changes in
the shape of the distal target volume surface.
The lateral spread of the beam is usually
achieved with a double scattering system in
which the initial pencil beam is scattered to a
Gaussian distribution and then flattenedhnét
second compensating scatterer. Passive
scattering systems are the most common method
used in current clinical practice.

Protons

0 10cm 20cm 30cm

Depth
Figure 2: A comparison of energy deposited Xy
ray and protons as a function of depth. X ray deposit
energy in smalpackets all along their path through
tissue, whereas proton deposit much of their energy
at the end of
deposit less energy along the way.

BtaggdPeak ) p @t

In the active scanning approach, the
energy of the proton beam is altered atléwel

of the accelerator. The pencil beam is then
magnetically guided to cover the target volume
laterally and vertically. Although active
scanning systems are somewhat more of a
technical challenge, a number of advantages
over passive scattering systemexist. A
significant factor is that the proton beam
traverses fewer components in the beam line,
resulting in more efficient treatments and a
reduction of unwanted neutron dose to the
patient. Also, truly 3D intensity modulated
proton therapy (IMPT) becoragossible. Here,
the intensities of individual pencil beams are
optimized, resulting in highly conformal dose
distributions. However, more research and
development is required before intensity
modulated proton therapy becomes common
place.

To capitalize on the fundamental
properties of proton beams, the distribution of
proton stopping powers within the body must be
well known prior to treatment. Currently, this
information is gained from preatment Xray
computed tomography (CT) scans of the patient.
Such a system reconstructs the distribution of
photon relative linear attenuation coefficients,
values known as Hounsfield units. To obtain the
proton relative stopping power (RSP) map, the
reconstructed Hounsfield units are converted
with an empirically deved calibration curve.
The machine dependent calibration function is
calculated by taking an -xay CT scan of a
phantom containing inserts of known RSP
values. However, because of the different
dependence on Z and the Z/A ratio by photon
and proton intexctions, the relationship between
Hounsfield unit and proton RSP is not unique.
This conversion process can lead to range
uncertainties of up to 3% of the proton range,
resulting in a possible unddose to the tumour
volJume or an, ovedose to the surroumd
helalth@ fis5ue.%whlile more accurate conversion
methods have been proposed, a favorable
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solution is to measure and reconstruct the proton
RSP distribution directly. This is the primary
goal of proton computed tomography (pCT).

What are we doing

We have started construction of a
clinically usable pCT detector system for
imaging heaesize phantoms in a single gantry
rotation of 3600. Irradiation times less than 6
minutes are required which in turn require high
data acquisition (DAQ) rates for protomadking
and energy loss measurements. We have
proposed to use scintillation fiber technology
with submillimeter resolution to replace the
Silicon strip tracking system that is presently
being used in prototypes, for example one at
Loma Linda University Medal Center
(LLUMC) in California, USA. A new proton
range detector with stacked scintillator plates
will replace the segmented Csl calorimeter used
to enhance data rate capability as shown in
Figure 3. Second, develop image reconstruction
software capableof reconstructing images of
head phantoms in less than 10 minutes from
approximately 108 proton histories recorded by
the pCT detector.

Development of the proton computed
tomography is multidisciplinary in nature and
hence expertises of many fields aequired.
With the advances in accelerator physics it has
become feasible nowadays to obtain high
intensity proton beams for cancer therapy at
relatively lower cost. The development of high
resolution and precise detectors for the detection
of fundamental articles has made it possible to
develop the detector system for the proton
tomography without much problem. Also, the
use of software to simulate the detector and then
to reconstruct the real image of the scan is
humongous. Since this technology is figall
going to be used by the radiation oncologists so
their participation is also important. So we can
say that in true sense this work is
multidisciplinary in nature which includes

mathematics, computer science, medical
science, accelerator physics and highergy
physics.
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Figure 3: Conceptual design of proton computed
tomography system.Two 2D sensitive proton
tracking modules are positioned pre&and post
patient. A segmented crystal calorimeter records
residual energy.

Conclusions

Proton therapy is becoming one of the
most effective radiation therapy for cancer
treatment. Because of the finite range of protons
in matter, this treatment modality allows for a
greater degree of conformality than the
conventional xray therapy. But, inorder to
maximize the inherent advantages of proton
therapy,the range of protons inside the patient
must be able to be predicted with millimetre
resolution. In current clinical practice, proton
therapy treatment plans are made with pre
treatment Xray CTscans of the patient. The use
of X-ray CT images for proton treatment
planning ignores fundamental differences in
physical interaction processes between photons
and protons and is therefore inherently
inaccurate. Xray radiographs depict only
skeletal stratures; they do not show the tumour
itself. In view of this, imaging the patient
directly with proton CT by measuring the
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energy loss of higlenergy protons that traverse
the patient is highly desirable.
[9].

Acknowledgement

Much of the introductory sectionsf this
article has been adopted from Scott Nocholas
Penfold Ph.D. Thesis, who worked on the

development of second generation of pCT.
[10].
[1]. R.R. Wilson, "Radiological use of fast
protons,"Radiology47, 4871 491 (19
[2]. A.M. Cormack, "Representation of a
function by its line integrals, with some [11].

radiological applications,” Journal of
Applied Physics34, 27221 2727
A.M. Cormack, "Representation of a
function by its line integrals, with some
radiological applications. II,"Journal of

[3].

Applied Physics35, 290871 2913
[4]. A.M. Koehler, "Proton radiography,"
Sciencel60, 30371304 (1968])12].

V.W. Steward and A.M. KoehlefProton

beam radiography in tumor detection,"
Sciencel79 9131914 (1973).
M. Goitein, "Threedimensional density

[5].

[6].

reconstruction from a series of two [13].
dimensional projections,” Nuclear
Instrumentation and Methods 101,
5091518 (1972).

[7]. AM. Cormack and A.M. Koehler,
"Quantitative proton tomography:
Preliminary experiments,” Physics in
Medicine and Biologyd, 56 01 56 9

[8]. K. M. Hanson, J.N. Bradbury, T.M.

Cannon, R.L. Hutson, D.B. Laubacher, R.
Macek, M.A. Paciotti, and C.A. Taylor,
"The application of ptons to computed

tomography,” IEEE Transactions on
Nuclear Science25, 6571660 (197
K.M. Hanson, J.N. Bradbury, R.A.

Koeppe, R.J. Macek, D.R. Machen, R.
Morgado, M.A. Paciotti, S.A. Sandford,
and V.W. Steward, "Proton computed

tomography of human spetens,”
Physics in Medicine and Biology27,
2517136 (1982).

U. Schneider and E. Pedroni, "Proton
radiography as a tool for quality control in
gr@on . therapy,” Medical Physics 22,
3531363 (1995) .

P. Pemler, J. Besserer, J. de Boer, M.
Dellert, C. Gahn, M. Mosburger, U.

( 1 9SeHhdider, E. Pedroni, and H. StAcuble,

"A detector system for proton radiography
on the gantry of the Paul Scherrer
Institute,” Nuclear Instruments and

( 1 9Methgds in Physics Research, 432

4831495 (1999) .

U. Schneider, J. Besserer, P. PemMr,
Dellert, M. Moosburger, E. Pedroni, and
B. Kasef Hotz, "First proton radiography
of an animal patient,Medical Physics31,
104611051 (2004) .

B. Schaffner and E. Pedroni, "The
precision of proton range calculations in
proton radiotherapy treatment aphing:
experimental verification of the relation
between CIHU and proton stopping
power,"Physics in Medicine and Biology
43, 1579 1592 (1998).

([18]9L7A6 Feldkamp, L.C. Davis, and J.W.

Kress, "Practical conbeam algorithm,"
Journal of the Optical Society éfmerica
A, 6, 612619 (1984).



30

Muon and neutron induced background in lowlevel Gammaray spectrometry
A. J. Khan*

Low-background o
high purity germanium (HPGe) detectors is an
important tool for basic and applied projects
i nv ol -y megsurements and assessments.
Low-background 2 spectr
originally driven by neutrino physics at gee
underground research laboratories; however,
emphasis has been given recently to
environmental measurements. Latest reviews
can be found in Refs. [1,2,3].The principal
source of t he
consists of the
be considerably reduced by passive shielding.
However, highly penetrating cosmiay muons
enters the passive shielding at grolewkl
locations and produce a characteristic
continuum with the maximum around 200 keV
and a pronounced annihilationgpé&
spectrum [4]. Cosmicay muons can only be
rejected with the active shielding. Cosmnay
muons are also subjected to muon capture in the
Gedetector crystal and lead shielding resulting
in the formation of highly exciting nuclei which
emit neutrons [5]. These neutrons either scatter
inelastically or cause thermal capture as well as
thermal and fast activation in Ge, Pb, and
materials surrounding the detector, leading to

many 9 rays in the
source of background is dan and daughters
[ 8] . Further

bremsstrahlung from the decay &fPb/'%Bi
present in the lead shielding [9]. Finally,
background arises from radioactive impurities in
the detector materials and shielding. One of the

mog det ail ed
was measured in Ref. [10]. Usually, a
distinction is made between uHiew

background and lowwackground. Ultrdow
background pertains to the systems located in
deep underground locations, where muons and
neutrons are either considerably reduced or
absent, making active shields often unnecessary.

s p e cTthe towmmadkground wsystemsgare located at

ground level or at shallow underground
locations. In those systems, active shields are
necessary. There are significant variasiam the

deteetdr v ghieldm@ s locabiom e€amfigurations.

Al t hough t he physical
background are understood, it takes a
considerable effort to construct a functional
low-background ) spectrorm
resulting in new information. At Wisworth

backgr oulerder, Albany, NY, wephave beero parotnming
tcacanestiowbakkgroanddata ons pemhtir or

decades, which often involved lotgrm
planning and undergoing upgrades. The applied
uses of o) spectrometry
involve monitoring of environment, ¢al, air,
water, surveillance of nuclear facilities, as well

I nrayt h easohealth physics and homeland security

applications. Lomb ackground o spec
applicable to very low activity matrices, such as
water or chemically separated samples. Specific
projects itlude mandated analysis & **Ra

in drinking water and monitoring df***Cs at

nuclear facilities. We also actively participate in
routine radiological exercises to be prepared for

any nuclear emergency. In the present work we
describe significantr e duct i o n-rayo f t

b a chadkgronndnat Wadswortj .Centarn dtt was r

achieved by muon rejection with plastic

b a ¢ lpaticle u n dciniillatorscaa wedl @esd by lemgploying an ultra

pure shielding lead, outlined in the subsequent
sections. Due to the exceptionally efficient
muon rejectionsome of the most intense peaks
i n the residual 2 spect

backgr oun ceutron nnteractiors.p €herefore ntleis wgrk

complements previous investigations on the
cosmicneutron interactions. Future planned
upgrades are also described.



31

Experimental

We currently use a 132% efficient
(2.584 kg) HPGe detector (Model GC13021 by
Canberra Inc., Meriden, CT, USA) in an uitra
low background ktype cryostat configuration
(Model 791530ULB by Canberra). The
detector is inserted into al8yer lead shield.
The original shield consisted of two layers: an
outer 3*thick layer made of Boliden grade lead
(20 Bq kg* %%Pb content) and an inner-8tick
layer grade lead (< 3 Bq Kg?'Pb, < 1 mBq
kg'! “K). This shield was custom designed by
Canberra (Model 777S)We have recently
added an Alphdo grade 2 cnthick lead insert.
This ultrapure lead hdsflux of 7x10“ cph cn
2 and 0.01 ppm of K impurity. Ge detector
chamber is purged with the baiff nitrogen
from the Ge detector Dewar in order to remove
radon and daughters. The lead shield is
surrounded from the top and the sides by-a 6
panel 2*thick plastic scintillator muon shield
(one side is split into two panels for cryostat
insertion). The muon shield is made of 2G8
grade plastic scintillator. Each stitator panel
has two embedded hemispherical
photomultiplier tubes which allowed for a
compact and convenient configuration. The
spectrometer is placed in a-#biick wall steel
room made of pr&Vorld War Il steel, which is
located under a 43tory buildng providing 33
m of water equivalent (mwe) shielding from
cosmic rays in the vertical direction. However,
since the laboratory is located at the ground
level, it is much less shielded against cosmic
rays streaming from the sides (Fig. 1). There are
severd known electronics setup methods for
rejection of muons eveiity-event [11]. In the
preliminary tests described here we chose the
signals from the plastiscintillator
photomultiplier tubes were matched using high
voltage bias. The signals were then ndixand
the sum was preamplified, amplified, and
discriminated. The resultant logical TTL gate of
50 es duration was
Digital Signal Processor (Model 9660 by

Canberra) which processed the energy pulses
from the Ge detector.

Resultsand discussion

The effect of Alphdo lead insert was
investigated by measuring the total spectrometer
background with and without the insert. In this
measurement, muon shield was not used. A 12
% reduction of the background was observed
with the insert.This appears to be a modest
reduction. However, if it was measured with the
muon shield on, it would be a major reduction in
background (see below). Since the average
envi r onnaeenergy is bemw 2 MeV and
the average energy loss by the muon in the
plastic scintillator 1is
muons are, in principle, well separated in the
plastic scintillator by the pulse height. However,
if the plastic scintillator is not shielded, there is
a considerable counting rate from environmental
2s hen scintillator resulting in blurred
separation. Vetoing Ge detector in such case
leads to a very high dead time and the muon
shield is less effective in lowering the
background. At Wadsworth Center location,
plastic scintillators are shielded from much of
the environmental radiation by positioning them
inside the steel room. Therefore, the total plastic
scintillator signal, wi t
separation, can be used to veto Ge detector, and
this is a key element in excellent rejection of
cosmicray muons from the background (see
bel ow) . We performed t
intensity loss in the Ge spectrum due to
scintillator vetoing, using common radioactive
standar ds. We observed
intensity at 60 keV, 2.3 % loss at 1173 keV, and
a4 3 % |l oss at 1332rakelV.
energy spectra obtained under varied shielding
configurations are depicted in Fig. 3. The
spectrum inside the lead shield (second one
from the bottom) is primarily from muons
interacting with the Ge crystal anckad. It

h €

u s eadreed very wellrwithnlpe tspectruentcaiculatet ie

Ref. [4]. By applying muosshield veto, that
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background is reduced by a factor of 17. among groundevel laboratories. Additional
Overall, we have achieved background advantags of our facility are easy access and a
reduction by a factor of 9436 relative to the location in the vicinity of several large
ambient. Our integrated backgu nd r at e metropolitae population centers. They enhance
energy range of 58700 keV was measured as our role as a reference laboratory and for
2.3 counts per min, corresponding to 15 counts emer gency r eraysmecrengeter al h e
ks ' kg'! Ge. This compares well with the IAEA  Wadsworth center, Albany, NY is curtén

MEL Monaco laboratory, which achieved the undergoing further upgrade. It will consist of a

value of 10, the lowest among grodiedel or new 130 % Ge detector in an XtRa
shallowunderground  located laboratories  configuration with a carbon composite window
[12] . The | owe gdy spbcrumk g rfar wetedtionof lowener gy o9 rays f

from Fig. 3 is replotted in Fig. 4. The samples [3]. Ultrapure materials for cryostat
corresponding resol v e dconstructignevallk .= usadntd redeidmatuyal

assignments are listed in Table 1. The most radioactivity component. Bottom plastic
intense peaks are results of scattering, capture, scintillator will be added to prevent muon leaks
and activiion of Ge by neutrons from muon through the corners of the scintillation panels

capture. Due to excellent mudtackground and to veto possible scattered muons. A
reduction, this work offers one of the best cryogenic radon trap is being constructed to
measurements of cosraneutron interactions in reduce radon and daugrgebackground [8].

Ge. Many of the Ge metastable states have life Additional measures will be attempted in to
times much longer than the duration of treto possibly further reduce the background by

gate (50es) and, t h er e fineertieg lmvd rfilkers tin theevicinitg pfetlret e d
the present configuration. However, several detector, and by electronic tuning.

prompt peaks are also present, indicating that

the electronic system is not fully optimized. References

There are many naturehdioactivity peaks,
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construction of t he- cr yoAmoldtS. Néuhaer, 6.0 Hdausser,eM. o

peak intensity is 22 % of the total background Kohler, P. Povinec, .. Reyss, M.
intensity. Also a reasonably 5kkV peak is Schwaiger, P. Theodérsson, Appl. Radiat.
still present. One can conclude that still Isot. 61 (2004) 167.
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Dinosaurs versus Dark Matter
Syed Afsar Abbas

Not too long ago the Hollywood movie
"Jurassic Park 1" was running tgacked
houses all over the world. This was a sequel of
the earlier movies the "Jurassic Park™ and "The
Lost World". The main reason for the popularity
of these movies is the gigantic and ferocious
creatures shown therein. These creatures are
called dinosats. The  movies  were
fictionalization of a hypothetical scientific
technique of gene manipulation which brought
these dinosaurs to life in the modern context.

In reality dinosaurs which could be as
tall as a several stories high building, ruled the
Earth br about 150 Million years. Note that in
contrast the mankind at best is perhaps only
about 1 Million years old. And let us not forget
that already the mankind has created a situation
that has the potential of destroying the whole
world. Viewed this way, mnkind should be
perceived as the species that has failed the
Universe and the extensive span of the
dinosaurs species would attest to their having
been highly successful creatures of the
Universe.

As such the dinosaurs should have
continued to dominateof much longer but then
something happened and some 65 Million years
ago the reign of the dinosaurs came to an almost
abrupt end. That is to say that all the dinosaurs
became extinct. Today one of the outstanding
mysteries of science is what caused the
extinction of the dinosaurs.

The extinction of dinosaurs is significant
for the mankind in another way. Mankind never
co-existed with the dinosaurs. While the
dinosaurs were roaming the Earth as its supreme
master, the species of mammals were just
evolving. However the domination ofhe
dinosaurs was such that it would not allow any
other species, such as mammals to grow. So

much so that only some primitive form of
mammals such as rodent could survive and that
too by scurrying into tiny holes while these
gigantic creatures walked theafth as they felt
like. Recently it has also been becoming clear
that some of the species of the dinosaurs were
developing into intelligent animals. For example
Velocitiraptor, the swift dinosaurs that one saw
in the "Jurassic Park" were also highly
intelligent. Had the dinosaurs not become
extinct then the history of the Earth would have
been quite different today. In that case, it may
not be too bizarre to visualize that today an
intelligent dinosaur would have been writing an
article for the Physics Butin and other
intelligent dinosaurs would have been reading it.
It would be anyones guess as to how they would
be looking like! Well, anyway, it was mainly
due to the extinction of the dinosaurs that the
mammals were allowed to proliferate, expand
and evdve so that at some stage an intelligent
Homo Sapiens species came into existence.

Now let us go to another mystery of the
Universe. The famous science fiction novel,
AThe I nvisible Man
the arrival of a stranger in a quiet dlish
village. He was wrapped up from head to foot.
Bizarre incidents start occurring in the village.
Ultimately the villagers broke into his room and
demanded that he show his face. With laughter
he unwound the bandages. Once the clothes
were gone, therevas nothing there. They could
see right through him. Obviously there was a
person there but that his body was invisible.

by

It is amazing that currently in
astrophysics it is turning out that there is an
analogous problem of the missing Universe. As
sophisicated instruments have allowed us to
peel off the 'bandages’ of the universe we have
become aware of the fact that much of the
Universe is invisible. This means that just as in
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the above story the body of the universe is there,
but it cannot be detectedirectly by any
instruments available to the scientists.

The first one to point out this was Fritz
Zwicky of USA in the 1930's. But most of the
scientists rejected this proposal.However further
observations in the recent years have vindicated
Zwicky. It is now generally accepted by
scientists that the visible matter in the universe
constitutes only a miniscule amount and that the
bulk of "all that is out there' in not visible to us.
Amazingly almost 90 percent of matter in our
own galaxy may be invisibl&lhe matter which
is invisible to us is called the 'Dark Matter' by
the scientists. We have very little idea as to what
it is. The situation is similar as to the existence
and the identity of the invisible man.

The main evidence for the existence of
Dark Matter comes from the gravitational pull
of one object upon thether.We can determine
its mass using simple physics. For example, the
knowledge of the distance of moon from Earth
and it's speed enables us to calculate the
gravitational pull needed to keets orbit. This
is all that is needed to calculate the weight of the
Earth. Similarly we can determine the weight of
the sun by studying the Earth's motion around it.

We can use the same methodology to
study our galaxy the Milky Way. It consists of
about 100,000,000,000 stars with our own sun
being a typical star. The force of gravity holds
these objects together. The Milky Way is
known to rotate around its centre. By studying
the rotational motion of stars lying in the outer
periphery of the systewe can obtain the total
mass of the galaxy. But now one encounters a
conundrum. One finds that the gravitational
force needed to account for the observed
velocities is about ten times larger than what
would result from all the visible stars and all the
gaes alone. The same puzzling situation is
found to exist in other galaxies also. Hence one
is forced to conclude that there is a huge amount

of matter which is not visible to us, the so called
Dark Matter. Careful calculations reveal that
surprisingly as meh as ninety percent of the

total matter in the universe is made up of the
Dark Matter.

Note that there is another mystery of the
Universe which we are not tackling here and
that is that of the Dark Energy. This is quite
different from Dark Matter. At msent we
believe that of all that is there in our Universe
Dark Energy constitutes about seventy percent,
Dark Matter twentyfive percent and visible
matter only five percent. However one should
not confuse the numbers, locally as far as our
own galaxy isconcerned plus other galaxies, the
data calls for ninety percent of Dark Matter
constitution.

The only thing that we know about the
Dark Matter is that it is out there and that it is
the predominant form of matter in the universe.
We know practically nthing else about it. One
would definitely like to know the identity of this
mysterious Dark Matter. The only way that one
can identify an object unambiguously is to catch
it. Hence all over the world a sort of race is on
to catch a Dark Matter particle asdme twenty
detectors at present are active.

In trying to unravel the mystery of the
Dark Matter, theoretically too there have been
umpteen number of suggestions ranging from
brilliant to bizarre (of course what is brilliant for
one may be bizarre tonather one) have been
presented. The number of suggestions abound.
One hears terms of the kind MACHOS,
WIMPS, strangelets, rungions etc. It would be
good if a Dark Matter particle is found through
direct detection. However, one may ask if there
are any indect signatures of dark matter. This
is the way that Samar Abbas and myself while
at the Institute of Physics, Bhubaneswar had
approached the problem in 1998. We found that
amazingly this way we were able to explain the
mystery of the extinction of dinoses.
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Dark Matter is viewed as occupying a
spherical halo surrounding the galaxy. The earth
is constantly passing through the dark halo of
the Milky Way. As it does so, it will gradually
capture Dark Matter particles by elastic
scattering, gravitational t@action and orbital
capture. The rate at which the Earth shall
accumulate Dark Matter can be worked out
mathematically. This captured Dark Matter
gradually drifts towards the centre of the earth.
Here the number of Dark Matter particles
continues to in@ase as this is the stablest least
energy configuration. Once a critical density is
reached, however, the Dark Matter particles
start to annihilate with one another. This leads
to generation of huge amount of heat in the core
of the Earth. This excess hestl000- 100,000
times the current heat output of the earth. This
heat is produced in the core of the Earth. What
exactly would be the geological effects of such
an event?

These large quantities of heat would
gradually escape from the core, meltingvitsy
to the surface in the form of a superplumes.
Geothermodynamic theory indicates that
superplume formation is one of the most
efficient methods by which the Earth's core can
rapidly shed excess heat. In addition, the heat is
likely to destablize the cer leading to
geomagnetic reversals, which also display a
positive correlation with volcanism. On the
surface this would lead to explosive silicic
volcanism, followed by largecale basalt
volcanism. These truly cataclysmic events lead
to the formation ofthe massive flood basalt
volcanic provinces such as the Deccan Traps of
Central India which has been dated at 65
Million years ago.

Such enormous volcanic provinces were
associated with  significant  atmospheric

pollution. It is estimated that the Deccan Traps
ejected more than 10 million cubic kilometres of
basalt, 200 billion tonnes of hydrochloric acid, 1
trillion tonnes of sulphuric acid and 20,000
tonnes of fine dust. The environmental impact
of such an evenwould be severely debilitating:
the quantities of pollutants and dust belched into
the atmosphere would be akin to a fsdhle

nuclear winter, leading to global climate
deterioration.
Indeed, the resultant ecological

catastrophe would involve the exttion of
much life. And as per our suggestion this is
exactly what happened 65 Million years ago to
wipe out dinosaurs. Another popular suggestion
for the extinction of the dinosaurs is due to an
asteroid/meteor impact 65 Million years ago.
And although ammpact crater of similar age has
been discovered in the Yucatan peninsula of
Mexico, the Deccan flood basalt volcanic
episode also coincides with this event. Much
controversy surrounds the true cause of the
catastrophe, but some investigators believe that
the effects of the impact were limited to North
America, while the Deccan flood basalt
volcanoes were responsible for the extinction
worldwide.

The significance of what we have
discussed here lies in the fact that it connects
two of the most puzzling ah outstanding
mysteries of modern science viz, the extinction
of dinosaurs and the enigmatic Dark Matter of
cosmology. Dark Matter was the cause that led
to the extinction of dinosaurs. And as dinosaurs
departure in a way opened the way for the
arrival of mankind, we have reasons to be
grateful to our mysterious friend, the Dark
Matter.
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The Story of Heat and Engines
W. Haider

It was earlier assumed that the
relationship of energy and the consequent work
done holds only if friction is absent or
negligible. If frictional forces are present, work
done in moving objects warms up the objects
offering friction. As a result that much less work
is available to increase the potential/kinetic
energy of the objects. Thitsseems possible to
modify the laws of conservation of mechanical
energy to include the effect of frictional forces.

As an example consider the case of a
book that has been given a push such that it
slides on a horizontal table. If the surface is
evenslightly rough the book would stop moving
after a while and its kinetic energy (K.E.) would
disappear. Further as its irétic Energy
disappears there is no increase in its potential
energy. Thus it appears that the mechanical
energy is not conserved. Howav a close
examination reveals that as the moving book
stops the book as well as the surface of the table
are warmer than before. Thus the disappearance
of kinetic energy of the book is accompanied by
appearance of heat. This suggests that the
kinetic enegy of book was converted into heat
and that heat is a form of energyst like
Kinetic Energyor PotentialEnergy That heat is
a form of energy was gradually accepted by the
middle of nineteenth century. In this small
article 1 would try to bring out thistory which
was understood as a result of practical
knowledge gained indeveloping the steam
engine.

Two hundred years ago most work was
done manually. During 1700 A.D. as mines
were dug deeper in search of coal the problem
of pumping water out from th#ooded mines
had to be solved. The steam engines were
developed initially to solve this problem.

The steam engine is essentially a
machine to convert energy of some kind of fuel
(eg. Qil, coal, nuclear energy of uranium) into
heat energy which is then ed to do some
mechanical work. Other devices have been
constructed now but steam engine is still a good
model to understand the process od energy
conversion.

Since ancient times it has been known
that heat can be used to produce steam which
can be used tdo mechanical work. The early
toys (eg. Aeolipile by Heron at Alexandria in
100 A. D.) wo r k ethdrd lawn
enunciated much later. However this was only a
toy and not until the late eighteenth century
commercially useful steam engines were
invented

N e

We now say that steam engines use heat
energy to do mechanical work. However many
inventers in the eighteenth and even nineteenth
century thought of heat as some kind of thin
liquid. Further steam engines were first
developed by men more concerned withking
money as well as effectiveness of safety of
mines It was later that the involvement of
knowledgeable people with curiosity to
understand the workingof engines led to
discoveries in physics.

The first commercial steam engine was
invented by an ealishman Thomas Savery
(16501715) to pump water out of the deep coal
mi nes. The serious dr awl
engine was the use of very high pressure steam
which led to serious accidentBhis defect was
removed by another englishman Thomas
Newcomen 16631729) and his engine could
do other work also. However in bottihese
engines several valves had to be manually
closed and opened at proper times but later a
method was invented to do this automatically
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using the rhythm and some energy of moving
partsof the engine t@ontrol various sequences
of its operation This idea is called the feedback.

The engine developed by Newcomen
was widely used in U.K. and other European
countries throughout t
amount of coal to produce little warklowever
the engine was used due to the urgdrmand
of machines to pump out water from the mines.

James Watt and the Industrial Revolution

A much better steam engine was
invented by James Watt whose father veas
carpenter constructing equipment forship
builders. Due to poor health James Watt could
not continue his education and worked at his
father 6s shop. He
instrument making trade. After getting some
training he come back to Scotlamd 1757 and
was appointed as instrumemtaker at Glasgow
University.

During the winter break of 1764 Watt
was given the job of
engine for demonstration purpose at the
University Lectures. While doing this he learnt
about the amount of steam required to run the
engine. Afer doing several test runs he realized
that the major problem in the wastage of energy
was due to the temperature of cylinder walls. He
realized that most of the heat energy was being
used up in heating the cylinder which was
cooled down again to condeniee steam. He
soon realized that this wastage of energy could
be rectified. He modified the engine such that
when the steam had done its work of pushing
the piston upt was taken to a separate chamber
to be condensed. This helped keep the cylinder
hot and condense cool all the time, thus
avoiding the loss of steam energy in heating up
the cylinder again and again.

t hat

| t seems

w e n ttransfoomatidno nofl o Westarro

small step was crucial inenhancing the
efficiency of theengine by more than twic&y
saving of fuel James Watt was able to make a
fortune by selling his engine to coal mine
owners. The money charged by Watt was
dependent on the power of the engine. Power is

hosv défiied (a® the ratk tof woik eadd nbva r g «

appropriatéy called as Watt.
1 Watt = 1 Joule/sec.

As engine with a separate condenser by
Wattmuch superior to
to its application for many kinds of jobs eg.
running of machines in factories, railway
engines, steam boats etit. stimulated a big
boost to the growth of industry in Europe and
USA and a big economic and social
civilzaionn
Industrial Revolution. It resulteth raising the
living standards of people. However, not all
effects of industrialization wer@ositive. The
factory structure provided a large number of
greedy employers to exploit workers. They
made huge profits while keeping the workers
ané pheairi famiiliesgon tNee wergeo ah stanaatson.
The worst excesses had to be eliminated through
reform in the arly nineteenth century in
England through new laws to reform the adhoc
system.

Nowadays the steam engines are no
longer widely used a sourcaf power to run
industry or transportationHowever steam is
used still as a major source of power. The
invention of steam turbine by Charles Parson in
1884 has replaced all older kinds of steam
engines. They are alsosed at most electric
power stations running the wheel of modern
civilization. Even in nuclear reactors the nuclear
fission energy is used to produsiam to drive
turbines and electric generators.

The basic principle of Parsofisirbineis

Wa 't t éhat a jet of\highnpressore stedmté the dlades

separate condenser is a small step. However this of a rotor, driving it at high speed.

Newco



39

The Joul ebdbs Experi ment
The question disturbing to some people
i vajppansto heat as it does work

a steam

was
through

The answer given by scientists in the
early nineteenth century was that the amount of
heat remains constant while it does work when
it passes from a high temperature to a lower
temperature. Heat wasegarded as some thin
substance <called dACalo
Universe is conserved. It was thought that heat
is like water which can be made to do some
work as it falls from height. However, some
intelligent  people disagreed with this
explanation andhought that heat is a form of
energy. James Prescott Joule conducted a series
of experiment in the
heat is just another form of energy. Through
verifiable experiments he showed that same
expenditure of mechanical energy resdlin a
fixed amount of heat energy where there was no
heat.

In one experiment he used falling weight
to drive an electric generator. The -current
generated was used to heat a wire immersed in
water. The rise in temperature of water can be
used to calculat the heat energy produced by
falling weights. In another experiment he
compressed a given volume of gas in a bottle
immersed in water. One can easily calculate
amount of work spent to compress the gas and
the heat produced by noting down the rise in
tempeature of water. However, the most

famous experiment even now done in
laboratorieswas using the potential energies of
falling weights to turn paddles in a container of
water. The friction between the paddles and

e ngi ne ?watercreates heat to raise the temperatofe

water.

The results of his experiment published in
1849 are:

1. The amount of heat produced is always
r ipmopostional to dhe eemoantnaf umedhanidaln
energy spent.

The amount of heat requirdry 1 pound of
water to raise its t
created by a fall of 772 Ib of weight by 1
foot.

2.

1 8 4 0 Orbke fitstoesutt Eheves ithat yeatsishadonm t h

of energy while the second result gives the exact
relationship between a unit of mechanical
energy and ret energyln the MKS system we
express this by saying the unit dfeat; a
Kilocalorie equals 4184 Joules of mechanical
energy.

The mechanical equivalent of heat
makes it possible to define heat engines in terms
of efficiency. Efficiency is defined as the
fraction/percentage of input energy appearing as
useful output work. The law of conservation of
energy implies that the best engine would be
100% efficient,i.e., when all the heat energy is
converted into work. However, it turns out that
there aretheoretical limits on efficiency.
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An elementary note on the nuclear forces
B. P. Singhand R. Prasad

In the year 1911, Rutherford established that
every atom has a nucleus at its centre. Later on
it was well established that the atomic nucleus
consists of neutrons and protons. The nucleus of
the atom X is denoted aX”, where A is called
the atomic mass number (total number of
nucleons), Z the atomic number (number of
protons) and (A Z) = N, is the number of
neutrons in the nucleus. Some of the important
facts about stable nuclides are;

1. There are about 300 stable nuclides and
many more unstable (radioactive) nuclides

2. All the positive charge and more than 99.9%
mass of the atom is contained insithe
nucleus of the atom.

3. Most of the nuclides are spherical in shape.

4. A few nuclei are non spherical in shape and
are called deformed nuclei. The deformation
from spherical shape, which is either prolate
(cigar like) or oblate (disc like) is measured
in terms of the quadrupole moment Q, which
has positive value for the former and the
negative value for the later.

5. All the nuclides behave like a spinning top.
A quantum number S or J is assigned to the
nucleus to represent its spin. For some
nuclei it may be ero.

6. Many nuclei behave like a tiny bar magnet.
Magnetic dipole moment p is associated
with a nucleus to represent this behaviour.

7. The largest number{65) of stable nuclides
is of those which have even Z and even N;
evenodd (65) or odetven (60) are néxn
abundance. Odddd stable nuclides are only
a few (4).

8. Nuclei having N and/or Z equal to 2, 8, 20,
28, 80 and 126 show special stability. They
are either very strongly bound or have many
stable isotopes. These nuclides are called
magic nuclei and thei corresponding
nucleon number as magic number.

9. Mirror nuclei (nuclei having same A but
interchanged values of N and Z likel® &
,He®etc.) show similarities in their nuclear
structure.

In a nucleus the nucleons are held together
in a small volume of, geerally, spherical shape
(radi U?scm &1 fm) by means of
strongly attractive forces called nuclear forces.
The nuclear forces are very strong comes from
the fact that protons which are positively
charged are held together inside the nucleus (by
the attractive nuclear forces) overcoming the
large repulsive Coulomb forces.

First indication about the existence of
nuclear forces was obtained from the hyperfine
structure in the atomic spectra. Further evidence
about the presence of strongly attractivelear
forces was gathered from the anomalous
scattering of high energy alpha particles by
atomic nuclei. Since, the target nuclei and the
incident alpha particles are both positively
charged, a beam of high energy alpha patrticles
undergo Coulomb scatteg (also called
Rutherford scattering). Since, Coulomb force is
well known the scattering crosections for
Rutherford scattering can be easily calculated
for all values of impact parameters.
Experimentally, it has been observed that the
measured scatteiyy crosssections for small
impact parameters deviate by a large amount
from the values calculated assuming Coulomb
interaction. This happens because the nucleons
i nsi de t h-partidenstait feaimgtthe U
presence of the nuclear field of the target
nucleus at small impact parameters (i.e., when
they pass through closer distance to the target
nucleus).

As is well known there are FOUR basic
forces or interactions in nature viz., Strong
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nuclear, Weak nuclear, Electromagnetic and
Gravitational.Just togive a feel of the relative
strengths of various interactions they are
compared below in TABLE 1. According to the
modern theories, every field/interaction is
brought about by the quanta of field, which
mediates the interaction. The mediating quanta
for each interaction are also indicated in this
table. Photon, the quanta of electromagnetic
field, W-boson the quanta for weak interaction
a n dmeson the quanta of strong nuclear field
have already been discovered. Search for
graviton, the assumed quanta ofagtational
field is still on. Each of these fields has a
specific range. The range of gravitational and
electromagnetic fields is infinite. However, the
range of strong and weak fields is very small
typically of the orders of a few Fermi.

TABLE 1

Interaction Strength | Quanta
Strong 1 T-meson
Electromagnetid 10~ Photon
Weak (betd 10"° W-boson
decay)

Gravitational | 10%° Graviton

In order to appreciate the strength of nuclear
forces, let us look at the size of the nucleus. As
a matter of facevery nucleus has a distribution
of positive charge inside it. Experiments carried
out by Hofstadter have revealed that the charge
density of the positive charge inside the nucleus
varies from the centre of the nucleus as shown
in Fig.1. The distance frorthe centre at which
the charge density falls to half of the central
value is generally defined as the nuclear charge
radius or simply the nuclear radius R. In
general, the radii of all stable nuclides have
been found to be of the order of Fermi{ien).

The fact that nucleons are bound in such a small

volume indicates that forces responsible for
holding the nucleons together are really very
strong.

p/pa

1.0
0.9 a —»

The nuclear mass
density is:

05 < k > 23x101 kg /m?.

Nuclear charge density

0.1
| | | | | | | |

0 1 2 3 4 5 6 7 8 9 10
Radial distance (fm)

Fig.1: A typical nuclear charge density distribution
as a function of distance from the centre of a
nucleus

For stable nuclei it has been
experimentally found that the radius R of a
nucleus having A number of nucleons is related
to the atomic mass number A the relation;

R =roA"

Where,rg is a constant. As such, the voluie
of a nucleus ofA nucleons, assuming it to be
spherical is;

V= 27R=2" SA=KA
Here,K is a constant. Further, the madsof a
nucleus havind\ nucleons is proportional to the
number of nucleons A, i.e.,

M=K;A
Here,K; being another constant.

From the above two equations one can
observe that the density ( M/ W/K==
constant) of the nucleus is constant. The fact
that the density of nuclear matter is constant is
reflected in another important property of
nuclear forces called the saturation property,
and will be discussed later.
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What holds the nucleus together?
In the past quarter century physicist
have devoted a huge amount of
experimentation and mental labour to
this problem & probably more man

hours than have been given to an
other scientific question in the history
mankind.

----- Hans A. Bethe

Another measure of the strength of the
nuclear force is the binding energy with which
the constituent particles are held together.
Nuclear forces are very strong. This is also
evident from the large binding energyf
nucleons inside the nuclei i.ex8 MeV per
nucleon. For comparison, the average binding
energy of electrons in the atomsisV to keV
only. Moreover, there is a very big difference
between the binding of nucleons in a nucleus
and the binding of electrons in an atom. In an
atom the positively charged nucleus at the
centre provides the Coulomb field which
extends up to infinity with decasing strength.
Negatively charged electrons in an atom are
held by this central Coulomb field at different
distances from the centre. As such, the valence
electrons which are farthest from the centre are
held with smaller binding energy (~eV), while
innerelectrons have binding energigfew keV.

In the case of nucleus, there is no central force.
The nucleons inside the nucleus interact with
each other through strong nuclear force and this
mutual interaction provides the binding. Later, it
will be shown tlat the range of nuclear force
i.e., the distance up to which they affect the
other nucleons is very small, only a few Fermi
(~2x10™ m). As such, it is evident that the
nature and strength of nuclear forces are very
much different from the Coulomb force.

Another classical force is Gravitational
force. Gravitational force also has infinite range.
The attractive force that binds the progressively
growing galaxy together is the gravitational
force. It is the force that not only holds us to the
Earth but ado reaches out across the vastness of
intergalactic space. The binding energy due to
gravitational force between two nucleons at a
distance~2x10" minside the nucleus is only
10%" MeV. From the above, it is clear that
nuclear forces which are naerral having
short range and provides very strong binding to
the nucleons are entirely different from the
infinite range central classical forces that can
provide very weak binding. It may therefore be
concluded that classical forces are not adequate
to expain the strong binding of nucleons inside
the nucleus.

Further, we know from  our
undergraduate classes that, in order to confine a
nucleon within a nucleus of the radius of a few

Fermi, its deBroglie wavelength must be
correspondingly small. The  dg&roglie
wavelength & is related
mv) of the particle by the relation:

h h

o == —
p m

v
But the kinetic energye= p?/(2m)

So, its kinetic energy must be around,;
p*/(2m)=h?/(2m2*)

If one calculates this value dinetic

energy, taking @& wequal
nucl eusndegualdto the mass of the
nucleon (0% Kg) , it comes

MeV or so. It means that a nucleon inside the
nucleus must be moving with a kinetic energy
~20 MeVor more. In order to confine this high
kinetic energy nucleon inside the nucleus, the
nuclear force must provide a potential well. The
depth of this potential well must be equal or
larger than the sum of the kinetic energ2(
MeV) and the binding energy(~8 MeV)
Therefore, to confine a nucleon of this much

out
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energy, it requires a large average potential well

of depth a30 MelV.
Proton
- " a fal N
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Fig2:A typical nucl ear
30 MeV

It is now well established that both
proton and neutron are not pbiparticles and
consist of charge distributions. The typical
charge density distributions of proton and
neutron are shown in Fig.3.

—
20 .
s Proton 4
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1

Neutron
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0.5 1.0
Radius (Fermi)

Fig.3: Charge density distributions of nucleons

Charge density (a.u.)
o

0.0 BEN:

It may be observed that a neutron,
though overall electrically neutral, has a positive
charge distribution around its centre and a
distribution of negative charge towards the
surface. However, the total amounts of positive
and negative charges inside theutron are
equal. As such, for an external observer the
neutron appears electrically neutral. Although,
spin is an abstract quantum mechanical concept
but for simplicity it may be assumed that both

p ot eneutrors landwpgrdtdns & @x pa/r.dAt ghe h

the neutrons and protons undergo spin motion
around theimxi s gi ving rise
Spinning positive and negative charges give rise
to current elements in nucleon, which in turn
may generate intrinsic magnetic dipole moment.
The intrinsic magnetic moment of the protayn p

Is taken as positive, while @éhintrinsic magnetic
moment |4 of the neutron is negative because of
the negative charge towards its surface (see
Fig.3). Nucleons inside the nucleus may interact
with each other through their intrinsic magnetic
moments.The magnetic potential energy due t
intrinsic magnetic moments ppand | of

separatior & 2 X*&nd), this value comes out to
b e 0.08MeV The sign of the magnetic force
l.e., whether it is attractive or repulsive will
depend on the relative orientation of the spins of
neutron and proton. It will be of opposite sign
for parallel and of negative sign for aptarallel
spins. However, experiemts have indicated that
nuclear forces are attractive for both the parallel
as well as antparallel spin orientations. Hence,
the nuclear forces cannot be solely of the
magnetic origin. We may, therefore, conclude
that the electrostatic (Coulomb), gratibnal
and magnetic forces are qualitatively and
guantitatively inadequate to act as anything
more than very minor perturbations on the
specifically strong nuclear forces.

Some of the important properties of
nuclear forces studied on the basis of vagiou
observations and empirical facts are; (a) short
range (b) state or spin dependence (c) charge
symmetry & charge independence (d) saturation
(e) tensor nature (f) many body forces etc. In the
following an attempt has been made to explain
these propertiem terms of simple explanations
and analogies.

As has already been indicated, that
nucleons inside the nucleus are in constant
motion having large kinetic energies. Nucleons,
similar to the electrons in the atom, move in
definite orbits having differentalues of relative

o

a

t

(
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orbital angular momentura Apart from that
nucleons also have intrinsic angular momentum

called spin S (;/2 h). The total angular

momentum of a system of two nucleons having l l
relative orbital angular momentuéis given by

the quantum meamical sumé  ft ssin thea Repulsive

=0 state (called thé&-state) the total angular
momentum of a twdody system may be zero
(singlet state, anfparallel spins) or 1 (triplet
stat e, par al |l el spins)d?pend?rﬁee()fforf’e%uliés exclusi ol
principle does not allowdi-proton o di-neutron

as stable systems. However, a neutron and a
proton do make a stable systefH? called
deuteron. The binding energy of the deuteron is
about 2.2 MeV.

Attractive

Fig.5: A typical classical analogue of the spin

In 1939, it was found that the deuteron
has a finite nofzero quadrupole moment with a
value of Q=0.003 barns. This value of
guadrupole moment (QM) indicates that
deuteron is not a spherical structure. The
positive value of QM indicates prolate
deformationwith spin axis being the symmetry
axis. It indicates that deuteron looks like (Fig.6)
the picture on the left than on the right.

Spin dependence of nuclear forces may
be explained with the help of example of the
simplest bound system, the deuteron.
Experimentally, it is known that spin quantum
number of deuterod=1. Now;

J= a (rel agtisve moti on)
(Quantum mechanical sum)

Mucleons inside deuteron

]

If we assume that in its ground state .
deuteron hasi =0 or in sstate. The values of 6
intrinsic spinss, and s, each are equal té

Therefore; (Protata) i

J=0+1/2+1/2 _ Fig.6: Parallel spins of neutron and proton
J=0 (singlet state) or 1 (triplet state) _ indicated in two different orientations.

J=0 may be obtained if we assume the spins of

neutron and proton inside a deuteron to be- anti It means that probability of finding
parallel, whileJ=1 is obtained if we assume  npeuytron and a proton side by side is less than the
spins to be parallel. probability of finding them on top of each other.

Positive QM of the deuteron indicates that there

Had the nuclear forces been spin s a part of the nuclear force which depends on
independent, then the possibility of finding  the spin and spatial position of the nucleons at
deuteron withJ=1 and J=0 should have been  the sane time. In other words, it means that
equal. However, experimentally=0 (bound force between a neutron and a proton in

State) of deuteron is not found. This indicates deuteron also depends on the ang|e between
that somehow, nuclear forces prefer parallel spin orientations and the radius vector. (See

spins rather than aniarallel spins (in -state) figure below). This part of the nuclear force is
or in other words, nuclear forces are stronger called tensor force.

when the spins are parallel. An analogous
classical force occurs between two bar magnets Fro=f(61,6);
as shown in Fig.5.
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Experimentally, it has been found that
the J of deuteron is 1 and it has even parity.
Using the quantum mechanical expression for
the addition of angular momentum;

J= &xsN s

To obtain the value ad=1, the possible
optionsard i ) t dne thedspins @re parallel
(b) @nd pamllel sping i i i )andantd =1
parallel spins and i v ) ard@l paralel spins.
Further, the parity of a system depends on the
value of the orbital angular momentura
through the foIIowingvreIation;

Parity 7= (-1)°.

The positive parity(+1) for deuteron
may be obtained for two different values of
a ( =fd?2). So the deuteron may not be a pure
s-state or in other words the deuteron may be a
mixture of variouststates including=o. Since,
parity of deuteron is positive, so the possiéle
values which may yield the experimental value
of J=1, may be0 and 2.

< Deuteron

J

Q>0

Q<0

Fig.7: Prolate and oblate nuclei, with spins pointing
in the zdirection. The nuclei are assumed to be
axially symmetric; z is the symmetry axis.

Thus, observed value ofJ=1 for
deuteron may be obtained with two possible
values ofa 8 (s-statg anda = 2 -stdtgd The
nuclear force which can mix differeatstates is
called the tensor force. The first evidence of the
non central nature or the tensor nature of nuclear
forces came from the experimental information
of the quadrupole moment of deuteron. The
tensor force in the deuteron is attractive in the
cigar shaped configuration and repulsive in the
disc shaped one.sAhas already been said the
deuteron in ground state is not a pwisate but
Is a mixture of sstate and gtate. Calculations
have shown that, when abo@6% of the s-state
is taken along with about% of the d-state, it
reproduces the correct value of the quadrupole
momentQ, as well as the magnetic moment
for the deuterons. It may however, be pointed
out that the role of tensor forces in nuclei is still
a somewhat open problem. It certainly plays an
important role at large inter particle distance.

The most elementary force is a two body
force. For simplicity let us assume that the
nuclear forces are two body forces between the
pairs of nucleons. These forces may be of three
types (i)Fpp (i) Fpnand (iii) Fnn, respectively
between pairs of protons, between proton &
neutron and between the pairs of neutrons.
These nuclear forces do not include the
gravitational force and Coulomb force between
nucleons. As has already been pointed out the
strong nuclear forcé-p, between two protons
(p-p) represents the attractive force between two
protons and does not include their purely
classical Coulomb forcépy(Coul). Moreover,
Fep (Nucl)>>Fp(Coul). This follows from the
fact that protons (charge density) inside nuclei
are uniformly distributed throughout the nuclear
volume. This is possible only Fpp (Nucl)is
much stronger thafrpp (Coul), otherwise the
protons would have been concentrated at the
surface of the nuclei.

Thenuclear force$pp, FpnandFnnare
all, basically, attractive. Existence of neutrons
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and protons in a bound state (in the form of
nuclei) is itself an evidence of this. Further,
these nuclear forces have short range. If it were
not so, all the nucleons in different nuclei will
coalesceinto one big nucleus and everything
will probably turn into a huge nucleus like a
superneutron star, and there will be not be a
variety of elements that are found in nature.

The charge symmetry of nuclear force
means that Fpp = Fnn while charge
indepemlence means thaFpp= Fnn= Fpn
These properties of nuclear forces are derived
from the binding energies and the structure of
excited states of mirror nuclei. As an example
let us consider the mirror pair® and.He>. The
binding energy for nucleugH® which has one
proton and two neutrons will come fra2pairs
of Fpn and oneFnn. Similarly, the binding
energy of,He® (two protons and one neutron)
will come from 2-pairs of Fpn and one pair of
Fpp minus the Coulomb energy of the repulsion
of two protons. Since, the numberpf pairs in
the two nuclei is equal, any difference in their
binding energies will arise due to the difference
in the values of binding provided ynn and
Fpp and Coulomb engy of the excess proton
in ,He®. Experimentally determined difference
in the binding energy of the two nuclideis6
MeV,which is just equal to the Coulomb energy
of the excess proton iHe®. It means that-pp
is equal toFnn. Detailed studies of thenergy
spectra of mirror nuclei shows that
Fnn=Fpp=Fpn, proving the charge
independence of two body nuclear forcehe
fact thatF,, & nFs also indicated by the fact
that the pairing energy for protons and for
neutrons is almost same.

A look at the chart of stable nuclides
shows that light stable nuclides prefer to have
equal number of neutrons and protons. However
in heavy nuclides the number of neutrons N is
always more than the numb2rof the protons.
Looking to the neutron excefls-Z) in nuclides,
it may be pointed out that only light nuclei tend

to have equal number of neutrons and protons
l.e., N=Z. However, as Z increases the
disruptive forces due to Coulomb repulsion
would prohibit the formation of stable nuclides,
if some exta attractive forces were not brought
into nuclear structure. These extra attractive
forces are provided by neutrons whose number
N exceed<Z, i.e.,N>Z, by a larger and larger
amount, ifZ increases further.

Fig.8: A typical representation of neutramumber
verses proton number in the stable nuclides.

In Fig.8, a plot of neutron numbél, vs
proton numbeiZ, for stable nuclides is shown.
The deviations from th&l=Z line indicates the
neutron excess i.g(N-Z). In Fig.9, this neutron
excess(N-Z) is plotted as a function of atomic
mass nAdber O

Fig.9: The excess neutron number -Z)\ as a
function of mass number A for the stable nuclides
(Fig. from R.D. Evans).



