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Posshilities of precision weak-interadion measurements in relativistic hydrogenic ions are
considered. It is iown that using high-energy ion storage rings (RHIC, SPS LHC), and
utilizing relativistic Doppler tuning and laser coding, it is posdble to achieve sensitivity
necessary for testing physics beyond the Standard Model.

1 Introduction

Parity nonconservation (PNC) in atoms was first observed almost two decales
ago.’? These experiments established the eistence of eledron-nucleon neutral
currents with structure axd coupling as predicted by the Weinberg-Salam model.
They were performed with heary atoms, where PNC effeds are grealy enhanced.®
Sincethe first observations, a number of other experiments have been performed on
heary atoms,® and several experiments have readed the level of experimenta
uncertainty of 0.3-2% of the PNC effeds. Atomic cdculations necessary to interpret
these experiments in terms of eledrowedk interadion parameters are aurrently at a
comparable level of uncerttainty. These experiments, combined with atomic
cdculations, provide aquantitative test of the Standard Model at small momentum
transfer, complementary to the regime of high momentum transfer explored with
high-energy particle accéerators.”

Further improving the sensitivity of atomic experiments by one-two orders of
magnitude would put stringent limits on possble extensions to the Standard Model.
However, the traditional experimental techniques may be gproaching the limits of
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their sensitivity. Moreover, the relativistic many-body cdculations of the aomic
PNC effeds become much more difficult at the acaracy required. Therefore, it is
very desirable to devise better approaches to atomic PNC. A promising diredion is
PNC experiments with rare eath atoms (see eg. Refs. 6,7,8). Here one takes
advantage of PNC-enhancement due to proximity of oppcaite parity states. In
addition, uncertainties in atomic cdculations can be avoided by comparing PNC
effeds on different isotopes. However, uncertainties in knowledge of neutron
distributions within nwclei will start playing a significant role & the desired level of
sensitivity.” Note dso that isotopic PNC comparisons and single-isotope
measurements probe different eledrowes radiative mrredions.>* Other approaches
to neutral current measurements at low momentum transfer, including reutrino
scatering and pdarized eledron scatering are discussed in Ref. 10.

Here, we discuss a posshility to cary out PNC experiments in relativistic
hydrogenic ions.** Due to their simple a@omic structure, high predsion theoretica
cdculations can be caried out in these ions. In addition, neutron distribution
uncertainties will not present a serious problem in relatively light ions considered
here, both because the structure of light nuclei is much better understood than that of
the heavy nuclei, and because the dedron wavefunction gradient at the nucleus is
relatively small for light nuclei.

Various posshiliti es for PNC experiments with hydrogenic and helium-like ions
have been discussd in the literature. Most of the ealy work dedt with the PNC
contribution to the 2S- 1S+1y spontaneous deca/*>*® (an experimental upper limit
on PNC-mixing in hydrogen-like agon was obtained in Ref. 14), while PNC in
transitions between metastable states™%"*® and in Auger-eledron emisson'® was
discusseed more recently. Unfortunately, none of the possbiliti es discussed in these
papers ean to dfer redistic waysto observe PNC effeds, much lessto achieve the
high predsion desirable today.

Here, we show that PNC experiments with ions beame possble, in view of
recent developments in relativistic ion colli ders, high-brightnession sources, laser
cooling methods of ions in storage rings, etc. In particular, PNC experiments in
relativistic hydrogenic ions involving laser-induced 1S+1y — 2S transitions can be
caried out using the heary ion accéerators RHIC, SPS and LHC. Relativistic
Dopger tuning is used to tune laser light (photon energy ~ a few €V) in resonance
with the ion transition (~ keV in the ion rest frame) also allowing laser coaling, and
polarization of ions by opticd pumping. It is estimated that the PNC effed can be
measured with statistica uncertainty ~10° in about aweek of runring time.



2 PNC in Hydrogenic Systems

In this paper we mnsider the conceptually simplest variant of a PNC experiment in a
hydrogenic system: circular dichroism on the 1S- 2S transition (Fig. 1) in the
absence of externa eledric and magnetic fields. Dichroism arises due to
interference between the M1 and the PNC-induced Elamplitudes of the transition.
This approach allows one to estimate the required ion beam and laser parameters,
and the adievable statisticd sensitivity. In pradice it will be necessary to use one
of the schemes involving ion podarizaion and external eledric and magnetic
fields.®®** These schemes do not change statisticad sensitivity in an idedized
experiment. In pradice however, they often alow to reduce the influence of
technicd noise. They also allow for reversals providing efficient control of
systematic efeds. A detailled discusson of posshle interference schemes will be
given elsewhere.

Due to the PNC interadion, the 2S state aquires an admixture of the 2Py, state:

|2s)0 |2S)+in|2P),  in=——"""—2= . (1)

Here I—AIW is the wed&k interadion Hamiltonian, E,s,p are energies of the
corresponding states, and the mixing coefficient iz is pure imaginary as a
conseguence of time-reversal invariance (we do not consider T-violating effeds
here). The magnitude of the PNC admixture is probed by tuning the laser in
resonance with the highly forbidden 1S- 2S M1-transition and olserving circular
dichroism, i.e., the difference in transition rates for right- and left-circularly
polarized light. In order to consider PNC experiments with hydrogenic ions, it is
convenient to traceZ-dependences of various atomic parameters. For convenience of
reference approximate formulae for these parameters including Z-dependences are
colleced in Table 1. A more detail ed discusson can be found e.g. in Refs. 12,13,20.

2s - 2P
M1 E1l
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Fig. 1. The 1S- 2Stransition in a hydrogenic system.
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Table 1: Z-dependence of atomic charaderistics for hydrogenic ions. In the given expressons, a is the
fine structure constant, #=c=1, me is the dectron mass Gr is the Fermi constant, 8y is the Weinberg
angle, and A is the ion massnumber.

Parameter Symbal Approximate Expresson
Transition m, [Z°
2
Energy
Lamb shift | AFzs-2p S a'm, 24 F(2)°
Weak 3 (A- Z)D 5
Interadion H, \/7 [ﬁl 4sin”8,,) - Z D[Z
Hamiltonian
Eledric Dipde 3 1.
Amplitude Elus \/; " [Z
(2S- 2Py)
Eledric Dipole o [
Amplitude E1 3—5\/§ gtz
(1S- 2Py)
Forbidden 0512512
Magn. Dipde M1 —34 On,~ ¥
Ampl. (1S-2S)
5 4
Radiative Width | e %ga m, [Z

& The function F(2) is tabulated in Ref. 12. Some representative values are: F(1)=7.7; F(5)=4.8,
F(10)=3.8; F(40)=15.

3 Reativistic Doppler Tuning

Consider an ion with relativistic fador y =]/\/1—B2 >>1 colliding head-on with a

photon of frequency wa, in the laboratory frame. In theion rest frame, the frequency
isgiven by:



(*)lon frame — V(1+ Bhab = 2V(’Qab .

In order to tune to the 1S-, 2S resonance for a hydrogenic ion, it is necessary to

satisfy the conditi on:

AE s op = 27102 eV = 2yhiwy, .

@)

©)

The relevant parameters of the storage rings RHIC,?* SPS,? and LHC* are mlleced

in Table 2. With visible and nea-UV lasers, it is possble to access 1S-2S
transitions for ions with Z up to =11 (Na) at RHIC. For LHC, the mrresponding Z
range is up to Z = 48 (Cd). In the following, we use RHIC parameters for numerica

estimates.
Table 2. Parameters of relativistic ion storage rings.
Parameter RHIC SPS LHC
Yimex fOr protons® 250 450 7000
Number of iong/ring’ ~510' ~2010M ~510"
Number of
bunchesfring 57 128 500-800
R.m.s bunch length 84.cm 13cm 7.5cm
Circumference 3.8km 6.9 km 26.7 km
Energy spread w/o 4 4 4
laser cooling 2000 4500 200
Normali (zsd;)mmance ~ 4 TimiEad ~ 4 TimiEad ~ 4 TimiEad
Dipadefield 35T 15T 84T
Vaaium. cold <10™ Torr ] <10™ Torr
' (H21 He) (H2| He)
2 For hydrogenic ions, y'O = yP_ [Z -1/A

b Estimated from proton and heavy ion data.

4 PNC Experiment: Estimate of Statistical Sensitivity and Laser Power;
Processes leading to loss of ions

Consider circularly polarized laser light tuned in resonance with the 1S - 2S
transition of an ion. The width of this transition is dominated by the Dopper

width (I'p) due to the ion energy spread:
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rD = (me)ion frame ~ Wion frame ﬁyy ' (4)

The fradion of ions excited from the ground state to 2Sis given by:

Xt = (M1BY? B2 )
ol
Here B = E isthe laser field, T is the ion-laser interaction time. Here and below, we
write dl quantitiesin the ion bunch center of massframe, unless pedfied atherwise.
In this expresson, the first term gives the transition probability for agroup of ionsin
resonance with the laser field; the width of this group in the energy distribution is
given by 1/t. The second term gives the fradion (<<1) of ionsin the resonant group
compared to the entire energy distribution. In the ongoing, we dso asaume that the
laser spedral width is no greaer than 1/1.

From the point of view of sensitivity to PNC, it is desirable to have & many
1S-, 2S events as posshle; thus, one desires to use @ high as posshble laser power.
However, there is an upper limit on laser power. In addition to the 1S-2S
transition, there is off- resonant excitation of the 1S 2P;, transition, which leads to
opticad pumping into the 1S Zeeman component decupled from the laser light (for
simplicity, we @nsider an ion with zero nuclea spin). The opticd pumping
saturation parameter (for 'y <<AE,g_»p ) iSgiven by:

E1[E)?
(—)2 D]—ZPT . (6)
4(AEZS—2P)
In order to avoid significant bleading due to ogticd pumping, it is necessary to
have X < 1. Later we will seethat one acdualy has to operate & somewhat

lower saturation parameter in order to avoid ion lossdue to photoionization. From
(5) and (6) and expressons from Table 1, we have:

Xe1 =

Yo = Fa’F?(z)z® .
M1 —2157[2 By El- )
y



The total number of ions excited into the 2S state by light of a given circular
polarization during the total time of experiment T (asuuming the polarization is in

ead state half of thetime) is N, = X1 MNigT/2.
Here N, is the average number of ions entering the interaction region per unit
time. The PNC effed is given by the asymmetry:
_Na-No O 2H,,
N, +N_  AE;s7p

El
O—.
M1 (8)

This corresponds to a statisticd uncertainty:

_ 1 _E VrDr2PX§ 1
$P=——— =0 B—— ©)
NSNS M1 20Bys 50 [N T

4 NionsTXEl

This shows that for an optimally designed PNC experiment, the statistica sensitivity
is completely determined by the total number of avail able ions and by the transition
widths. Combining Egns. (10) and (4) and the expressonsin Table 1, one finds that
in order to oktain a cetain sensitivity to sin®4,, it is necessary to have exposure NT
which is conveniently represented in urits of particle-Amperesxyea:

which yields:

Ay 0.1
Exposurd part.Amp x year] = — [4 .
PP AT e 2 2 o 0,07 e 4

In order to procead with the numericd estimate of the necessary exposure, we
now briefly consider several processes gedfic to non-bare ions leading to reduction
of ion lifetime in a storage ring, and discussthe dfed of these processes on the
proposed PNC experiments.

Residual Gas lonization. For relativistic ions, the stripping crosssedion in a
collision with a residua gas atom can be etimated as (more detailed cdculations
can be found in Ref. 23):

_ 222 (Z "'1)
0 =4ma aB%. (12



Here ag is the Bohr radius, Z, and Z are aomic numbers of the residual gas atom,
and the ion, respedively. Estimates based on Eqgn. (12) show that with residual gas
presare & given in Table 2, ion lifetime limited by this processis =half-hour for
Z=10.

Field ionization. The dipole magnetic field of a storage ring gves an eledric field
component € = yBy, in the ions frame. This field (e.g., €~10° V/em for RHIC),
which is on the order of the @omic unit of eledric field (¢, =e/ aé = 5010° V/cm),

can produce ionization of a non-naked ion. The lifetime with resped to field
ionization (in the laboratory frame) for hydrogenic ionsis:®*

B} 2,,7°
T =420 75 Zat gy Ca E (13
ag Bp 3yBp E

Substituting relevant storage ring parameters from Table 2 into Egn. (13), one finds
that field ionization is completely negligible in the caes of interest for the proposed
experiments.

Laser-induced photoionization. lons excited to the virtual 2Py, state can absorb
another photon from the laser bean and photoionize The @rresponding
photoionization crosssedions are given in Ref. 25. For the photon energy
corresponding to the 1S 2S resonance, we have:

2
ooz ~141072 28 (14)
2P . Z 2 -

Using this crosssedion, Egn. (6), and the formulaein Table 1, one estimates the
photoionization probability in one laser-pul se interaction:

ag YF?(Z
W--1.2E103Z—BVZ—Z)()D<2E1. (15
R

Here we asaume that the laser and the ion beam profiles are matched, and the
Rayleigh range for the opticd bean is z. (Since the ion bean emittance (see Table
2) is lessthan that of a laser beam: &, = (N.E.)/y < Ajx/4T1, the relevant Gausgan
beam parameters are determined by the opticd beam.) Using the RHIC parameters,
and choosing zz= 1 m, Z = 10, and requiring the lifetime due to photoionization to
be 1 hr, one finds the necessry value of the saturation parameter: Xg; = 601072,

Note that photoionization losses due to population of the 2S state rapidly scde with
Z (0 Z*°relative to photoionization from 2P), and may become important for Z = 40.

8



It may also become important in a Stark-PNC interference scheme if a sufficiently
strong eledric field is applied increasing the 1S - 2S transition rate.
Let us now return to the estimate of the necessry exposure in a PNC

experiment (Eqn. (11)). As an example, for dsin®®,, =103, using Ne ions
(Z=10) in RHIC, and substituting X g, = 601072, one obtains the necessary runring
time ~1 week. In this estimate we aumed Ay/y=10'6, which is posgble to

achieve using laser cooling? as we discussbelow.
Let us now estimate the laser power required for maintaining a given value of X g,

(seeEqn. (6)). Wefirst asaume that the laser operates in pulsed mode with repetition
rate matched to the rate of arrival of ion bunches into the interacion region. The

bean crosssedion at the waist iS210% =\, (Zg/2. Using the formulae in
Table 1, one ohtains an estimate for required number of photonsin alaser pulse:

E2R2ne® 2T _, 5 > 2 2y
=—=10°[F°(Z . 16
phot 8T[mEls—2P ( )D/ )\laser B(El ( )
For y=100, Z=10, zz=1 m and Xg =610, we have Ny = 1.210"% The
number of scatered laser photons is equal to the number of ions in a bunch xx g,
(= 10 x g, for RHIC). This corresponds to light pulse energy = 1.2 pJ, absorbed

light energy =0.6nJ, and the aerage sorbed light power =3 mwW
(57 bunches x 76 kHz). Laser parameters necessary for the proposed experiments
are atievable with present technology.

5 Detection of lons Excited into the 2S State

In hydrogen experiments, atoms in the 2S state ae nveniently deteded hy
applying eledric field which mixes 2S and 2Py, and olserving the resulting
fluorescence An dternative to the dc dedric field is laser excitation to one of the
higher-lying P-states. Unfortunately, it becomes increasingly difficult to use these
techniques for the proposed experiment when the ion beam is ultrarelativistic.
Indeed, essentially all fluorescence photons are amitted in the forward diredion in a
narrow angle 6 ~ 1/y. It is difficult to discriminate these photons from the (orders of
magnitude more numerous) laser photons badk-scatered due to the 1S-.2P
resonance, since dl photons arrive & a detecor within a narrow time interval. It is
also impaossgble to turn ions with a bending magnet by an angle ~ 1/y, because ions
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Fig. 2. A possble detection scheme for ions excited to the 2S state involving electric field quenching.
This <heme can berealized for relatively low y (e.g., for y=100at RHIC).

in the 2S state quench by the dedric field arising in the ion's frame before the
rotation is acempli shed.

A detedion scheme involving 2S gquenching can be redized for relatively low y
(Fig. 2). For example, in the cae of RHIC where y= 100and the length of a straight
sedion is 18 m, the experimental arrangement could be the following. The ion-laser
interadion region ~1m long is arranged in the beginning of the straight sedion.
About 10 m downstrean from the interadion region, the ion beam passs througha
collimator ~ 1 cm in diameter. This colli mator serves to absorbed the back-scatered
laser photons traveling along the beam axis in an angle greaer than ~10° << 1/y.
The 2S-quenching region is located after the olli mator; a position-sensitive X-ray
detedor located several meters from the quenching region deteds photons resulting
from quenching with neally 100% efficiency (the remaining badk-scattered photons
in the narrow angle ~10°® can be used for alignment and diagnostics).

Another commonly used technique for detedion of ions in metastable states is
photoionization. In this case, however, photoionizaion will | ead to lossof ions from
the storage ring, leading to reduced beam lifetime and lossof statisticd sensitivity.

A possble way to deted ions in the 2S state is by measuring absorption of a
laser beam tuned to a 2S- nP transition (n= 3). Detedion of small absorption can
be caried out by arranging a multi-pass gstem, or a resonant cavity for the laser
beam. The necessary number of passes can be estimated from the condition that the
total absorption is ~ 1. This graightforward caculation shows that if one uses an
opticd cavity with number of passes ~ 10%, in order to avoid loss in statistica
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sengitivity, it will be necessary to apply a Stark-field, so the Stark-induced 1S-, 2S
transition amplitude significantly exceels the M1 amplitude.

6 Systematic Effects

A detail ed discusgon of systematic dfedsis edfic to a cncrete scheme of a PNC
experiment and thus li es beyond the scope of this paper. Here we limit ourselvesto a
brief discusson of several general points relevant to experiments with hydrogenic
ions.

First of al, it should be noted that the same 2S5-2P,;, nea-degeneracy that leals
to enhanced PNC mixing between these states, also leads to enhanced mixing due to
eledric fields. It was just this high sensitivity to stray fields that caused systematic
effeds that ultimately limited the sensitivity of PNC experiments with hydrogen (for
areview of hydrogen experiments, see eg. Ref. 27).

As ameasure of sengitivity to stray fields, it is useful to seewhich eledric field
€4 (in the ions frame) causes 25-2P;, mixing of the same magnitude & the PNC

interaction. From the formulae in Table 1, it follows that €4= 200°Z° V/cm.
Therefore, the relative sensitivity to stray fields rapidly falls with Z. It should be
emphasized that in Stark-PNC interference experiments, the PNC signature can only
be mimicked by a product of two or more imperfedions (such as gray fields,
misalignments, non-reversals, etc.); therefore, control of stray fields is adualy
necessry only at levels sveral orders of magnitude larger than the values given
above.

A charaderistic value of eledric field produced by the ions space darge (in the
ions rest frame) can be estimated as:

2p 2Nions(Z _1)6
€ S— .

e = = 0D (17)
where p isthe line density of charge, Nions iS the number of ions per bunch, | is the
bunch length in the laboratory frame, and b is a charaderistic transverse dimension
of the beam. Using b=/, 8" =210%cm (where B =z is the beta-function in

interadion region), one obtains &, =100V/cm for RHIC. The Stark-induced

1S- 2S amplitude due to this field is much smaller than the M1amplitude; therefore,
it does not reduce sensitivity of the PNC experiment. Of course, the average value of
the space targe dedric field seen by ionsin abunch is zero.
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8 Laser Cooling and Intra-Beam Scattering

In the estimates above we have asumed Ayly=10°. This approximately corresponds
to the Dopger limit for RHIC (asauming that the 1S- 2P transition is used for

coaling):
Eﬂa = {rZ—P =400 for Z =10. (18)
Y Mion

In principle, laser coodling rates can be very fast.?® However, similar to the situation
discussed above, the laser power hasto be low enoughto avoid excessve ion losses
due to photoionization from the 2P state. On the other hand, the @dling rate has to
be high enough to compensate the heding effed of the intra-beam scatering. The
cooling rate per turn can be estimated as:

2
1 d(AV/ V) = ~2X ooling d?wlaser E—! 2pZR E—li (19

(ay/yy  dn Mc> ¢ Ay

where

Xcoolmg = @ (20)

rzp

The heding rate due to intra-bean scatering can be estimated as (a detailed
discusson of intra-beam scatering can be found e.g. in Ref. 28):

1 d(Ay/ y)2 IOI’]S Elon EQ:
oy ey %a’ @

where r,., =Z2%e?/Mc? is the dasscd radius of an ion, C is the storage ring

circumference. For RHIC and Ay/y=10° from Egn. (21), one etimates that
without coodling (Ay/y)? would dauble in about 3,000 turns. In stealy state
conditions, the maling rate (19) should be equal to the heding rate (21). This gives
the minimum required value of the aaling saturation parameter X cogling = 10° * This

corresponds to a significantly lower laser power that for the PNC measurement.
lonization losses due to the wdling process can be etimated as above; they
correspond to ion lifetime = 30 hrs. Therefore, it appeas posshle to acieve the
necessary energy spreal.
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9 Conclusions

We have shown that it isfeasible to perform sensiti ve parity-violation measurements
inrelativistic ions. These experiments beame possble due to modern developments
in relativistic ion storage rings, lasers, and laser codling. Of particular importance
for these experiments are highion currents, longion lifetime in a storage ring, small
emittance and energy spread. Highion energies make it possble to tune visible and
nea-UV lasers in resonance with transitions of interest. The proposed technique has
sensitivity sufficient for testing physics beyond the Standard Model. Further
development in ion injecdors will I ead to higher stored currents which may alow
even more sensitive PNC experiments in the future.
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