MEASUREMENT OF ATOMIC MOMENTUM DISTRIBUTIONS
BY HIGH ENERGY NEUTRON SCATTERING
J Mayers (1SIS)

Lectures 1 and 2. How n(p) Is measured

The Impulse Approximation. Why high energy neutron scattering
measures the momentum distribution n(p) of atoms.

The VESUVIO instrument.

Time of flight measurements.

Differencing methods to determine neutron energy and momentum transfers
Data correction; background, multiple scattering

Fitting data to obtain sample composition, atomic kinetic energies

and momentum distributions.

Lectures 1 and 2. Why n(p) is measured

What we can we learn from measurements of n(p)
(i) Lecture 3 n(p) in the presence of Bose-Einstein condensation.
(iLecture 4 Examples of measurements on protons.



The “Impulse Approximation” states that at sufficiently high incident

neutron energy.

(1) The neutron scatters from single atoms.
(2) Kinetic energy and momentum are conserved in the collision.

Initial Kinetic Energy

K, =p°/2M

Energy transfer

Gives momentum
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Final Kinetic Energy
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The Impulse Approximation
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Kinetic energy and momentum are conserved



Why is scattering from a single atom?

If g >> 1/Ar interference effects between

different atoms average to zero.

Incoherent approximation is good for g such that;
Liquids S(g) ~1 q >~10A-1
Crystalline solids — g such that Debye Waller factor ~0.



Why is the incoherent S(g,w) related to n(p)?

S(,@) =NY_|A, (@) 5(+E, ~E)

Single particle
In a potential

A (@) = [ (Nexp(iqry (rdr

E = Initial energy of particle E: = Final energy of particle

w= energy transfer g = wave vector transfer



A = [y (Nexp(iary, (rdr

IA assumes final state of the struck atoms is a plane wave.
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momentum distribution

n(p) =|[w (r) expliprldr
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S(a,0) = | n(p){m (p;\;‘) - E}dp

p in Al throughout - multiply by h to get momentum



+q)° in
s<q,w>=2n(p)5[w—(p2h;‘) —E] s plane wave
P

p+q)2 4 p2 d Impulse
2M 2M P Approximation

S(,0) =] n(p)cs(w— (

g—-e° gives identical expressions

Difference due to “Initial State Effects”

Neglect of potential energy in initial state.
Neglect of quantum nature of initial state.



A = [w (nexp(iar)y  (rdr

Infinite Square well n
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http://en.wikipedia.org/wiki/File:Particle_in_a_box.svg
http://upload.wikimedia.org/wikipedia/commons/c/cd/Particle_in_a_box.svg
http://upload.wikimedia.org/wikipedia/commons/4/47/Particle_in_a_box_wavefunctions_2.svg
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All deviations from IA are known as Final State Effects
In the literature.

Can be shown that (V. F. Sears Phys. Rev. B. 30, 44 (1984).

M{VAV) 42, (y) , M*(F?) d*3,,(y)

J(y) =] _
) =Ju(¥) 36K%q  dy° 72h*q?  dy*

Thus FSE give further information on binding potential
(but difficult to measure)
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FSE in Pyrolytic Graphite
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Measurements of momentum distributions of atoms

Need g >>rmsp

For protons rms value of p is 3-5 A1

l

q>50A1, w>~20eV required

Only possible at pulsed sources such as ISIS UK, SNS USA

Short pulses ~1usec at eV energies allow accurate measurement of energy
and momentum transfers at eV energies.
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Lecture 2

* How measurements are performed



Time of flight measurements

Sample

Detector



Time of flight neutron measurements
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The VESUVIO Inverse Geometry Instrument
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VESUVIO Layout
July 2009
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Foil cycling method
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Filter Difference Method
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YAP detectors give
Smaller resolution width
Better resolution peak shape

100 times less counts on filter in and filter out measurements
Thus less detector saturation at short times

Similar count rates in the differenced spectra

Larger differences between foil in and foil out measurements
therefore more stability over time.



Comparison of chopper and resonance filter

spectrometers at eV energies

C Stock, R A Cowley, J W Taylor and S. M. Bennington
Phys Rev B 81, 024303 (2010)
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Gamma background
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Need detectors on rings
Rotate secondary foils keeping the foil scattering angle constant

Should almost eliminate gamma background effects
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Multiple Scattering

J. Mayers, A.L. Fielding and R. Senesi, Nucl. Inst. Methods A 481, 454 (2002)
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Multiple Scattering
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Forward
scattering

{ Crll | 11}
T T

'

r iy 1-\;.3»#43_._1.;_**_‘*%” A

I W R TP A '
iy |'"|'T| 1“!T'r|lrurn|1p1 “F,qur T W r.||,.| ko

Lk

A

2 ST
Tirme (Usec)
I Back l
- scattering .
= I IIIWJ'?A”M%W‘M“NP%un L m‘lhn..umﬂnhﬂhm.hm. " ln..lu_.
wip— t ' f - S L el L A L L L
ZCI}D 4'5":} -

Tirme (LUsec)



Correction for Gamma Background and Multiple Scattering

Automated procedure. Requires;
Sample+can transmission
Atomic Masses in sample + container

Correction determined by measured data

30 second input from user

Correction procedure runs in ~10 minutes
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Data Analysis

Impulse Approximation implies kinetic energy and momentum
are conserved in the collision between a neutron and a single atom.

Initial Kinetic Energy

K. :p2/2|\/|

Energy transfer

Momentum along g

Final Kinetic Energy

kK. =(p+q 2 [2M

Momentum transfer

=\ 2 2
oo (P+d)” P
2M  2M
. M 2
pa=—| -1



Y scaling

In the IA g and w are no longer independent variables

Any scan in g,w space which crosses the line w=g%/(2M)
gives the same information in isotropic samples

Detectors at all angles give the same information for isotropic samples



Data Analysis
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Ju (Ym) = = exp
27N, 2W),

Strictly valid only if
(1) Atom is bound by harmonic forces
(2) Local potential is isotropic

Spectroscopy shows that both assumptions are well satisfied in ZrH2
Spectroscopy implies that w, is 4.16 £ 0.02 A1

VESUVIO measurements give
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ZrH, Calibrations

W, AL/A,,
3356 Sep 2008 4.15 21.8
3912 Nov 2008 |[4.13 21.3
4062 Dec 2008 4.11 21.9
4188 May 2009 |4.16 20.8
4642 Nov 2009 |4.15 21.5
5026 Jul 2010 4.13 21.5

Expected ratio for ZrH, 4, is 1.98 x 81.67/6.56 =24.65

Mean value measured is 21.5+0.2

Intensity shortfall in H peak of 12.7 + 0.8%



Momentum Distribution of proton
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Black=data,Blue=symmetrised data, Red=fit
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Lecture 3.
What can we learn from a measurement

of the momentum distribution n(p).

Bose-Einstein condensation



Bose-Einstein Condensation
T>Tg 0<T<Tj T~0

D. S. Durfee and W. Ketterle Optics Express 2, 299-313 (1998).
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BEC in Liquid He4

05 —

3.5K

tgriia

T.R. Sosnick, W.M Snow
P.E. Sokol
Phys Rev B 41 11185 (1989)

f=0.07 £0.01

Kinetic energy of helium atoms.
J. Mayers, F. Albergamo, D. Timms
Physica B 276 (2000) 811

Kinetic Energy Per Atom (K)
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Macroscopic Quantum Effects

http://cua.mit.edu/ketterle _group/

. oy
Quantised vortices in “He and Interference between

ultra-cold trapped gases separately prepared condensates
of ultra-cold atoms
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PHYSICAL REVIEW B

Neutron-diffraction study of the static structure

VOLUME 21, NUMBER 8

15 APRIL 1980

factor and pair correlations in liquid *He

E. C. Svensson, V. F. Sears, A. D. B. Woods,* and P. Martel

Atomic Energy of Canada Limited Research Company, Chalk River, Ontario, Canada KOJ 1JO
(Received 3 Dearemher 1979)

Superfluid helium becomes
more ordered as the temperature
Increases. Why?
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VoLuME 44, NUMBER 24 PHYSICAL REVIEW LETTERS 16 JuNE 1980

High-Resolution Study of Excitations in Superfluid He
by the Neutron Spin-Echo Technique
F. Mezei
Centval Research Mstitute for Physies, H-1525 Budapest 114, Hungary, and nstitut Laue -Langevin,

F-38042 Grenoble, France
(Received 28 December 1979)
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J. Mayers

J. Mayers

J. Mayers,

J Mayers

Basis of Lectures

J. Low. Temp. Phys

Phys. Rev. Lett.

Phys. Rev.B

Phys Rev A

109 135
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80, 750
84 314
92 135302

64 224521,
74 014516,

/8 33618

(1997)
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(2000)
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(2008)

58



Quantum mechanical expression for n(p) in ground state

] 2
n(p) = jdrz,..drN j‘P(rl, r,,.ry)exp(ip.r,)dr,

Ground state wave function

2

0.8 -

n(p) = jdsU‘P(r,s) exp (ip.r)dr

0.6

n(p)

04

What are implications of presence of 02} / \ -
peak of width h/L for properties of ¥? oL — .




ws(r)="¥(r,s)/\/P(s)

P(s) = j P (r,s) dr

n(p) = [ P(s)ns(p)ds

() = |[ws (exp(pr /i°)ar|
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‘\P(r,s)‘2 is pdf for N coordinates r,s

P(s) = I\T(r,s)\zdr is pdf for N-1 coordinates s

‘Ws (r)‘2 Is conditional pdf for r given N-1 coordinates s
2
_st(r)\ dr =1

W, (r) is “conditional wave function”
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n(p) = [ P(s)ns(p)ds

() = |[vs () p(ipr /)|

What are implications of presence of _
peak of width h/L for properties of y.? AL

— || —

Ap Ax ~h °'*/\
1 [/

n(p)

=2 0 2
Ws(r) must be delocalised over length scales ~L Momenturn p



Localized, No BEC

Delocalized,
BEC



Feynman - Penrose - Onsager Model

Y(r,r, ry) =0 if|r,-r | <a a=hard core diameter of He atom

W(ry,r,, ry) = C otherwise
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J. Mayers PRL 84 314, (2000)

PRB64 224521,(2001) f ~ 8%
~ 0

O. Penrose and L. Onsager
Phys Rev 104 576 (1956)
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Macroscopic Single Particle Quantum Behaviour (MSPQB)

(r,r,..ry) = Hﬂ(rn)

n(r) is non-zero over macroscopic length scales

Coarse grained average

11!

/ /
P(r, 1,0 = QN Q(rl)drl..Q(rN)dr,\I

)|

Smoothing operation —removes structure on length scales of
inter-atomic separation. Leaves long range structure.
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Coarse Grained

average over

volume Q
containing
Ny atoms
1 4 /
ps(r) = O o ws(r)dr=f(r)£~1/{/N,

Flve == [ Flye(rldr =F ()= =1/,



‘l//s (r)‘z = l

() JQ(r)

s (K] dr

s (0 =[n(n)*+~1/ N,

o(r)=N j s)slys(r)]  Density at r

() = p(n+~1//N,



1
— dr].. dry,
@) Q(r,) Q(ry)

r')2

1’ 2’lll

1

, 1
o _.'Q(rN) P(s)dr,..dr, 5 .[Q(r)‘l//s (r)|"dr

p(r) = NI dS‘WS (I’)‘ Density at r

- L(r | P(s)dr,..dr, p(r)+ ~1/ N,

= oM



(1,0 =Pr.n)pr)E~1/ N,
=P(r,r,.ry)pr,)x~1/\/N,
=P(r,r,,r,.ry)o(r)t~1/ N,

N
(I, 1y, )\2 =] [o(r,)
n=1

Provided only properties which are averages over regions of space
containing Ng particles are considered |W¥|? factorizes to ~1/\/Ng
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Schrédinger Equation (Phys Rev A 78 33618 2008)

h* o*n(r,) _ .
om ot Ma )+ EChE) e ()
n(r)" = p(r) Ve () =&[p(r)]

Weak interactions
2 . |
elp(r)]=cp(r) =cln(r) (EB(;?JZ? Pitaevsk

n(r) is macroscopic function. Hence MSPQB.

Quantised vortices, NCRI, macroscopic density oscillations.
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Depends only upon

(a) wg(r) is delocalized function of r — must be so if BEC is present

(b) w4(r) has random structure over macroscopic length scales
— liquids and gases.

NOT TRUE IN ABSENCE OF BEC, WHEN yq(r) IS LOCALIZED

Summary T=0

BEC implies p4(r) is delocalized function of r
non-zero over macroscopic length scales

Delocalization implies integrals of functionals of g¢(r) over volumes
containing N, atoms are the same for all s to within ~1/AN 4

Hence BEC implies MSPQB
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Finite T
At T=0 only ground state is occupied.

Unique wave function Wy(r,rs...ry)

At Finite T many occupied N particle states

Measured properties are average over occupied states
U(T) =2 B(ME

B, (T) oc exp(-E; /T)

E. :f\Pi*(rl,r2...rN)I—AI\Ifi (r,,r,..r, )dr,dr,..dr,
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Consider one such “typical” occupied state with wave function ¥(r,s)

Delocalisation implies MSPQB

MSPQB does not occur for T=Tg

l

Ws(r) for occupied states cannot be delocalized at T=Tg

But typical occupied state is delocalized as T—0

Typical occupied state W(r,s) must change from localised
to delocalised function as T is reduced below Tg
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Delocalized Localized

Y, r) =a(l)¥, (s,r)+ B(T)Y (6.r)

a(T) =1 at T=0 a(T) =0 at T=Tg
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s (r) =as(T)yps (r) +bs (T)w 5 (r)

W (5, 1) =W, (5,r) —— Wps(r) =wys(r)

I (e e e

T—>0 a(lT)—>1 T>T, a(T)—>0
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..... ‘WLS(r)‘~m

(a) r space

Ar~V/IN

wos ()] ~ /W

Overlap region ~1/VN



WDS (p)‘ - \/\7
D space Ap~11V
_ m{
“f@.&(?)‘..’?.@ ................................................................................
NIV “NIV

Overlap region ~1/AN



“dr'+ 2dr + CT

o s N dr =las|" [ wos () " +]os[* [ s (r)

CT =ay b

Q(r)

Wos (MNw s (r)dr’+CC

v . (r) Localised within Q(r) CT 1

o s ) dr AN

WLs(r) Localised outside Q(r) CT =0

Contribution of CT is at most ~1/\N
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Two fluid behaviour

p(r)=N HWS (r)| P(s)ds Sleurjgity
5 ==[  p(r)dr
P = @) am

p(r) = pp(r)+p (Nx~1/YN



F(r) = f P(S)%‘l//s (1) "V 65 (r)ds Fluid

flow

F(r)=F,(r)+F (Nt ~1/V/N

Flow of delocalised component is quantised

No such requirement for flow of localised component

Localised component is superfluid

Delocalized component is normal fluid



Y, r) =a(l)¥, (s,r)+ B(T)Y (.r)

|

p(r) =la()[ 2, (N +|BM) A (N£~1/IN

(T = ps (T) BT = py (T)

Superfluid fraction Normal fluid fraction



More generally true that
In any integral of W(r,r,...ry) over (ry,r,...ry)

overlap between ¥, and ¥, is ~1/AN

E=E, +E,
n(p)=np(p)+n_ (p)
S(gq,w)=Sp(g,w)+S, (q,w)

S(9)=Sp(q)+S.(q)



E(r) = psEp(r) + pyEL(T)

1 1.015

P(r) = 0P, (r)+ oy P.(r)

1.01

1.005

J. Mayers Phys. Reuv. Lett.
92 135302 (2004) 1

1.5 2
Temperature (K)



Yo (S 1) =" (s,r) —— 1(T)=p,(T)1(0)

Superfluid fraction

J. S. Brooks and R. J. Donnelly, J Phys. Chem.

Ref. Data 6 51 (1977).

Normalised condensate fraction

T. R. Sosnick,W.M.Snow and P.E.

Sokol Europhys Lett 9 707 (1989).

X X H.R.Glyde, R.T. Azuah and W.G.

Stirling Phys. Rev. B 62 14337 (2000).

J. Mayers Phys. Rev. Lett.
92 135302 (2004)

fm N\
JOM i

0 | | ! | "
0 0.5 1 1.5 2 25

Temperature (K)
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S(Q) = psSe(A)+ oS (q)

More spaces give smaller pair correlations

As T increases, superfluid fraction increases, pair correlations reduce
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S(Q) = psSe () + oy SL(Q)

l

a(T) =1-ps(T)[1-a(0)]




J. Mayers Phys. Rev. Lett. V.F. Sears and E.C. Svensson,

92 135302 (2004) Phys. Rev. Lett. 43 2009 (1979).
1.1 | |
‘| |
o(T) oo -
a(0)
0.8 -
¢
0.7 |-
0.6 | |
1 1.5

Temperature (K)



Lattice model

Fcc, becc, sc all give same dependence on T as that observed
Only true if N/V and diameter d of He atoms is correct

Change in d by 10% is enough to destroy agreement

J. Mayers PRL 84 314, (2000)
PRB64 224521,(2001)

Seems unlikely that this is a coincidence



S(.@) = Y |A (@) 5(h+E, ~E)

A (q) = NJ'\P*(r,s) exp(iq.r)¥; (r,s)drds Identical particles

Y(s,r)=a(l)¥(s,r)+p(T)¥ )

l

S(0, @) = psSy(Q, w) + p S (Q, @)

Only S, contributes to sharp peaks
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F_ =

LA
L]
#
L

Anderson and Stirling
J. Phys Cond Matt (1994)



New prediction

p(r) = pspo(r)+ py oL (1)

150 (r) Has density oscillations identical to gnd state

IBL (r) Has no density oscillations

Measure density oscillations close to gnd state
Measure superfluid fraction w before release of traps

Simple prediction of visibility of density oscillations -



Summary

Most important physical properties of BE condensed
systems can be understood quantitatively purely

from the form of n(p)

Non classical rotational inertia — persistent flow
Quantised vortices

Interference fringes between overlapping condensates
Two fluid behaviour

Anomalous behaviour of S(q)

Anomalous behaviour of S(q,w)

Amomalous behaviour of density



Lecture 4.
What can we learn from a measurement
of the momentum distribution n(p).

Quantum fluids and solids
Protons



Measurement of flow without viscosity in solid helium

E. Kim and M. H. W. Chan
Science 305 2004

Torsion call

Be-Cu torsion rod with halium in annulus

|D=0.4mm Filling line

QD=2 2mm

-1
Filling e |

Al shaill

L

Solid halium in
annular channal

oz a4
TiK}

Signs of superfluidity. The supsfluid Faction £{T) nfered from the

datain {T) s interpreted by Lg. 1, &a lundion of termperature lor dif-

ferert values of the madimuom velocity of the wals The pressure & 41

bars. [hdapted fram (1]
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T Itay VI E TTER & week anding
PRL 98, (85301 (2007) PHYSTCAL REVIEW LETTERS 23 FERRUARY 2007

Measurement of the Kinetic Energy and Lattice Constant in hep Solid Helium
at Temperatures L07-04 K
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Measured hcp lattice spacings

T (K)
0.115
0.400
0.150
0.070
0.075

0.075

(101)
2.759 (7)
2.759 (7)
2.758 (7)
2.758 (7)
2.758 (2)

2.757 (3)

(002)

2.934 (4)

2.940(3)

(100)
3.1055 (300)
3.1055 (300)
3.1056 (300)
3.1055 (300)
3.131 (2)

3.128 (2)
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No change in KE, no change in vacancy
concentration through SS transition.

Implies SS transition quite different to SF
transition in liquid.

Probably not BEC of atoms

What is cause??
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R. Senesi, C. Andreani, D. Colognesi, A. Cunsolo, M. Nardone,

Phys. Rev. Lett. 86 4584 (2001)

3He mean kinetic energy, £, as a function of the molar volume
experimental values (solid circles),
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Measurements of protons

n(p) is the “diffraction pattern” of the wave function

n(p) =|[w(r) exp(ipr)dr]

|

|||||||||||||||||||||||

of \
'u
\\
\
Lo | PRI e
-N5 0 0 3 10 15 2 25
Position in A n(p) in Al
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If n(p) is known y(r) can be reconstructed in a model independent way

In principle y(r) contains all the information which can be known about the
microscopic physical behaviour of protons on very short time scales.

Potential can also be reconstructed

JePr w(p)dp

J e'p-r (p)dp 7(p)= | (nerar
'4

E-V(r)=




VESUVIO Measurements on

Figure 3a

Liquid H,

J Mavers (PRL 71 1553 (1993)

q=588""

Momentum Y (271)

n(P) =|[ w(F)exp(ip.r)dr

y(r)= CeXp{

2

—(r—R)z}
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n(p) =|[ v (F)exp(ip.r)dr|

0.01 —
0 M. y | [ L4
J D TY €F T TYPT @
—0.01 | —
P I I 1
O 5 10 15 20

Momentum Y (&™)
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Puzzle

Fit to data gives Spectroscopy gives
R=0.36 0=5.70 R=0.37 0=5.58
PHYEICAT EEVIEW B WOLLUME 60, NUMEFE. 14 1 CTOBER. 18494500

Deep inelastic npewiron scattering from finid hydrozen and denterinm:
From vibrational excitations to the impule approximation

C. Andreamn
Iiparaimees o Firion ed Srium Meslomale @t Flstca dells Marerla, Dindversing ! Bosse—'"Tor Forpos, ©
Faa dells Ricerca Sclennifica , 0033 Bowez, faly

D Cologmesi
Consigiic Nelonale delle Bosrche—{ruppo Neomale Srumura della blmerte, Roma, e

E. Pae
{pardmemen & Floice od drdmre Marionale Y Firloy Mucleare, Usiversia of Roma—""Tor Fergata, ™
WMa della Ricerca Sclentifica !, 00133 Rowez, faaly

QM predicts R=bond length not ¥2 bond length

R should be 0.74!
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Reconstruction of Momentum Distribution
from Neutron Compton Profile

Hermite polynomial _ _
Spherical Harmonic

‘J (q! y) — exp\j;y ) Zan,l,mHZnJrl (y)Y”:KC\I)/

n,I,m

an 1 m IS Fitting coefficient

= € —p’ n+ n + A
n(p) = Xp(g,zp D 22l (=D)"ay, ., p'L (P (D)

T n,I,m

Laguerre polynomial
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9, NUMBER 13 PHYSICAL REVIEW LETTERS 23 SEPTEMBER 2002

Direct Observation of Tunneling in KDP using Neutron Compton Scattering

G. F. Reiter
sics Department and Texas Center for Superconductivity, University of Houston, Houston, Texas 77204-5005

J. Mayers
Rutherford-Appleton Laboratory, Didcot, Oxfordshire OX11 00X, United Kingdom

P Platzman

Bell Labs, Murray Hill, New Jersey 07974
(Received 7 March 2002; published 6 September 2002)
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LETTERS wezk ending

PRL 98, 115502 {2007} FHYSICAL REVIEW 16 MARCH 07

Measurement of the 2 Born-Oppenheimer Potential of a Proton in a Hydrogen-Bonded System
via Deep Inelastic Neutron Scattering: The Superprotonic Conductor Rb,H(S0, ),

D. Homouz.' G. Relter,' J. Ecker,” J. Mayers,” and B. Blinc®
i | Physics Department, University of Howston, Houstor, Texrs, 77204 [15A
LANSCE, Lox Alowers National Laboratory, aed University of California, Soata Bacbang, Califersia, 0054
HEIE, Rutherford Appelion Laboratory, Chilten, Didoot, Espland, United Kinpdiom
YStefan fogef Invtited, Labljana, Slovenia
(Received 11 Movember 206 poblished 12 Manch 2007)
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Excess of Proton Mean Kinetic Energy in Supercooled Water

A. Pietropeole, R. Senped, and C. Andream)
Dipartimente 4 Fivica and Cenfree NAST (Manoscienze £ Nanctecnofopie £ Strumentazion:),
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AL Bottl, M. A, Riccl, and F. Bruni*
Dipartimento di Fixica “E. Amafdi,™ Universitg depli Stadi i Roma Tre, Via dells Wosca Novale 84, (0745 Roma, Italy
(Received 3 October 207 published 77 March 2008)

e il (4]

0.8

LHLE

0.4

0.0

113



=

=Tp WPl

a0

wezk
PRL 100, 177801 (2008) PHYSICAL REVIEW LETTERS Crng

Proton Momentum Distribution of Liguid Water from Room Temperature
to the Supercritical Phase

C. Panialel,’ A. Pletropasolo,” B. Senesl,” 5. Imberil,” C. Andreanl,' J. Mavers.” C. Bumham.” and G. Relier”
"Waiversita depli Studi Jf Roma “Tor Verpata,” [N¥partimento di Fisica
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Proton Momentum Distribution in a Protein Hydration Shell

E. Senesl and A. Plelropanis
Diperiimenio df Finca and Cenfro NAST, Unrverzitd depli Stadi i Roma “Tor Yerpate,” ¥Wig delle Ricerco Scienfifica J,
(W7 77 Bowmu, flaty

A Bocedl, 5. E Pagnotia, and F Enmni*
[ipartimenio di Fitica “FE Amalai™ Universitg depli Siadi &f Boma Tre, Vo delle Wavre Novale 88 (80746 Roma, Innly
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Changes in the zero point energy of the protons as the source of the binding energy of
water to A phase DNA

G. F. Reter,! R. Senesi,® and J. Mapers?

In press PRL (2010)
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Measurements of n(p) give unique information
on the quantum behaviour of protons in a wide

range of systems of fundamental importance



