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1. PREFACE

The purpose of this note is to call attention to some important atomic physics effects and some
interesting experiments involving a Relativistic Nuclear Collider. The ideas contained here come from
many people (see acknowledgements).

II. SUMMARY

Atomic collision cross sections involving bare uranium nuclei are large at relativistic energies
and will affect the design and operation of a relativistic nuclear collider (RNC). The most significant
may be production of electron - positron pairs and muon pairs (= 108 per sec. and 2000 per sec. respec-
tively for a 100 GeV/nucleon collider with a luminosity of 10?” cm?s~!). Although the pair production
is a direct measure of the luminosity it is also a large source of background and capture of an electron
from the pair by one of the nuclei will result in the loss of the ion. Another important loss mechanism
is Coulomb excitation of the giant nuclear dipole and giant nuclear quadrupole resonances.

Storing and colliding bare and highly-stripped uranium opens up new possibilities for novel
atomic physics experiments and an alternate approach for present experiments. As examples, the use of
a collider for experiments to study spontaneous decay of the super-critical state (both positron produc-
tion and x-ray production) of quasi-atoms of atomic number Z > 172, and a storage-ring measurement
of the ground state hyperfine structure of hydrogenlike thallium as a test of quantum electrodynamics
(QED) are discussed.

III. ATOMIC PHYSICS RELATED TO THE DESIGN AND OPERATION OF AN RNC
(a) Introduction

Electron capture from the background gas is the atomic collision process which has been con-
sidered most carefully in the design of a relativistic nuclear collider (RNC) and is discussed in section



II1. (d) However electromagnetic nuclear excitation of the giant dipole resonance, section III. (e), and
electron capture from pair production, section IIL (c), may be more important limitations because they
scale with beam luminosity. On the positive side, pair production, section IIL (b), is a non-destructive
real-time measure of the beam luminosity.

We consider four collision processes in the following sections:
b) pair production in atomic collisions between the two uranium nuclei;
c) electron capture from pair production ;
d) electron capture by bare uranium from the residual background gas;
e) electromagnetic nuclear excitation of giant dipole and giant quadrupole resonances.

(b) Pair Production

The cross section for producing electron - positron pairs from the Coulomb field of two (bare)
nuclei has been considered by a number of authors! "%, The mechanism for producing these pairs may
be thought of as the virtual photons from a motional Coulomb field scattering from a static Coulomb
field (Weitséicker - Williams method Ref. 1,2). The calculations in Ref. 1 - 10 are approximate and
none are considered valid unless ¥ >> 1 (where v = (1—8%~2 with 8 = v/c). A simple formula!~*
gives an estimate for ¥ not too small.

Opair = (28/27m) > Z} Z% r§ logy 1)

where o« = 1/137, Z; and Z, are the nuclear charges, and rg = e?/mc? = 2.8 x 10713 is the classical elec-
tron radius,

Table I shows the cross sections for producing electron - positron pairs in uranium - uranium
collisions at collider energies as computed from Egq. 1.

Table L. Pair production cross sections for U2+ opn U+
equivalent
energy/beam fixed target energy cross section
GeV/amu GeV/amu kilo-barns

3 30 4
4 48 6
5 70 8
10 240 17
20 880 31
40 3400 54
100 20400 98

For a 100 GeV/nucleon RNC operating with a luminosity of 10?7 crn =2 s~! about 10® electron -
positron pairs per second are produced in the collision region. As number of muon pairs scales roughly
as (m, /m,,)2 about 2000 muon pairs are also produced. Experiments which look for lepton production
from nuclear collisions will need to consider this background. Finally, heavier pairs will also be. pro-
duced in small quantities and the upper limit to the mass of the pairs which can be observed needs to
be explored.



The number of pairs produced is linear in the beam luminosity and since these are easy-to-detect
particles, a real-time non-destructive measure of the beam luminosity can be established. With a more
sophisticated calculation of the cross section, or from measurements of the cross section in fixed targets,
an absolute measurement of collider luminosity should be possible.

(c) Electron Capture from Pair Production

It is possible for the electron, produced in pair production, to be captured into the K-shell of one
of the uranium atoms which produced the pair. Classically, capture occurs if the electron is found
within the potential well of the Coulomb field and has a kinetic energy less than the K-shell binding
energy. In uranium this means within = 580 fm and a kinetic energy of less than 130 keV. (If the two
uranium are closer than 580 fm, then the binding energy of the combined system will be larger than 130
keV. By comparison, in collisions at energies close to the Coulomb barrier, uranium nuclei which
approach to within 35 fm have a combined binding energy in excess of 1 MeV.)

We can estimate the fraction of pairs produced with electron kinetic energy of 130 keV or less
(pair energy between 1.22 MeV and 1.48 MeV), from a differential cross section 3 which depends upon
the total pair energy.

dQ = (56/97) o Z}{ Z% ré log(kE /mc? log(K ymc?/E) dE /E ¥))

where k and k’ are constants = 1 and E is the total energy of the electron-positron pair. Fig. 1 shows
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Fig. 1 - Estimate of pair production for uranium on uranium at 4 GeV/amu each beam in units of
barns/MeV as a function of the energy of the electron positron pair.




the differential cross sections calculated from Eq. 2 for uranium on uranium at 4 GeV/amu. Although
Eq. 2 contains approximations which break down unless E >> 1 MeV, it should still be valid to con-
clude that a substantial fraction of the pairs are produced at the lower energies.

The cross sections for pair production are highest for pairs produced at lower kinetic energies
and for pairs emitted along the beam direction. If these crude estimates are close to reality then the
cross sections for producing and capturing an electron, from the collision of two bare uranium nuclei
could be several hundred barns. Cross sections significantly greater than 100 barns would set limits on
beam survival or luminosity. For example, if the cross section were 1000 barns, then a RNC with
luminosity of 10?5 cm? s~ two interaction regions would loose nearly 108 ions per hour.

These numbers should be considered a guess and not a calculation, and should not be used to set
upper or lower limits. A detailed calculation will be reqmred for more realistic numbers.

(d) Electron Capture From the Residual Gas

Bare uranium ions can charge change by capturing an electron from the residual background gas.
Radiative electron capture (REC) is the most probable capture mechanism for several GeV/nucleon
bare uranium in light gasses. The mean time for REC of an electron by a 4 GeV/nucleon U??* ion in
10~? Torr N, is calculated to be 1/2 day. At higher energies the survival time against REC is expected
to be much longer. The calculation is likely to be reliable to the accuracies needed for accelerator
design. -

Experiments!»!2 to measure charge states and charge changing cross sections of uranium at 0.4
GeV/nucleon and 0.96 GeV/nucleon are consistent with REC being the dominant mechanism for
recombination of U%?* in low atomic number (Z) targets at these energies. (REC is the inverse of the
photoelectric effect. In REC by bare uranium at relativistic energies, an electron is captured, usually
into the K-shell, from the continuum, or from a weakly bound system, with the simultaneous emission
of a photon.) To first approximation, the REC cross section scales as the number of electrons in the tar-
get atom. The energy of the emitted photon, in the rest frame of the uranium, is (y —1) mc? +Bg
where By is the K-shell binding energy.)



Table II. Radiative electron capture cross sections for U2+
Energy a, OREC felect.
GeV/amu barns barns
1 25. 11.
2 7. 4,
3 4, 2.6
4 2.5 1.8
10 0.8 0.6
20 0.3 0.3
40 0.13 0.14
~ 100 0.05 0.05

Time (days)

Beam energy (GeV/amu)
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Fig. 2- Mean time for radiative electron capture for U*?* in nitrogen at 300 K°




The cross section per target electron for REC by a bare nuclei is given by:

v —1 + Bx/mc? P o, :
S = — ! 3)

where orec/aeq. 18 the REC cross section per target electron, and o, is the cross section for photoioniz-
ing an electron by a photon of energy (y —1) mc? +Bg. Table II shows the calculated REC cross sec-
tions per target electron for U%* and Fig. 2 shows the mean time for radiative electron capture of an
electron by U%2* in N; at 1078 Torr, 10~ Torr and 107!° Torr at 300 K°.

The pressures needed to minimize loss due to radiative electron capture from the background gas
are modest and do not preclude long storage times for bare ions.

(e) Electromagnetic Nuclear Excitation

The virtual photon field of the moving Coulomb field of the nuclei will electromagnetically
excite the nuclear giant dipole and giant quadrupole resonances leading to a break-up of the nuclei.
Cross sections for these processes are shown if Fig. 3. The calculations, performed by J.R. Beene and
C. Bemis Jr (O.R.N.L.)!3 based upon the work of Winther and Alder'* show the cross sections for these
processes at collider energies to be about 100 barns.
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Fig. 3 - Cross sections (From Ref. 13,14). for excitation of the giant dipole resonance (GDR) and giant
quadrupole resonance (GQR) as a function of the equivalent fixed target energy 48 GeV/nucleon
corresponds to a 4 GeV/nucleon collider. See Table I for other equivalent energies values.




These calculated cross sections are high enough to be of concern in designing a high luminosity
collider with small beam currents. The count rate for this effect is linear in beam luminosity and might
be useful as a monitor of the luminosity. Finally, the break-up of = 100 nuclei per second in the
interaction region of even a small collider (with a luminosity of 1024 cm~2s~!) will produce a back-
ground to the experiment. For uranium, the break-up is in the form of fission, for lead it may be neu-
tron emission.

IV. EXPERIMENTS
(a) Decay of the Supercritical Vacuum

Introduction -- Experimentals at GSI have recently observed peaks in the energy spectrum of
positrons emitted in collisions of U+U, Th+Cm, and U+Cm at energies below the Coulomb bar-
rier'3~17, The peaks in the positron spectra appear to be consistent with a ”spontaneous decay of a
super-critical state” of the combined nuclear system, with the system held together for times much
longer than the time involved for Rutherford scattering!8—2!,

When two nuclei of Z; + Z, > 172 approach to within about 35 fm the binding energy of the the
K-shell of their combined Coulomb field exceeds twice the electron rest mass. The lowest energy state
of this system is reached when the K-shell is filled. Therefore, if a vacancy exists in the K shell, of this
system (supercritical vacuum) it can fill spontaneously by decaying to an electron in the K shell and a

positron which is emitted. The probability of forming a K vacancy when the two nuclei approach to - -

about 35 fm is of the order of a few percent??~25, The time for decay of the K vacancy (super-critical
state) is of the order of 10719 seconds?®?’. If the nuclei simply Rutherford scatter, the interaction time
is only of the order of 10~2! seconds and few of the super-critical states would decay. Those which
decay in 10™2! seconds produce a broad distribution of positron energies due to the uncertainty princi-
ple.

There are other mechanisms which also yield a continuous positron spectra. One is an induced
or dynamic process in which the motional Coulomb field of the projectile induces the decay of a K
vacancy into a bound electron and an emitted positron. This process adds energy to the system so that
the decay can occur even if the binding energy is less than 2mc? (1.1 MeV) (Ref. 28-30). The induced
process is similar to pair production discussed earlier, but is more of an adiabatic process, being driven
mostly by the large binding energy of the static combined Coulomb field. The induced decay is
coherent with spontaneous decay and in the absence of the nuclei remaining together for long times (to
promote spontaneous decay) the induced process accounts for almost all of the observed positrons?*3°,
At low collision energies, the probability for induced decay increases rapidly with projectile energy?S.
In looking for the spontaneous decay it is therefore important to do the experiment at the lowest colli-
sion energy for which the two nuclei can be brought within the critical distance.

Collider geometries -- Greiner and Schmelzer (see fig 2.27 of Ref. 32) have suggested producing
low-energy collisions between uranium ions using storage rings with two beams of uranium nuclei rotat-
ing in the same direction with a small crossing angle. By adjusting the relative beam energy and cross-
ing angle, the collision energy may be continuously changed. To achieve the highest possible luminos-
ity (which would be roughly Ag/8 = 0.1 L, where L is the luminosity of counter rotating beams) C.



Leeman?®? has suggested a zero-degree crossing angle and a small energy difference between two beams
rotating in the same direction in separate storage rings bent into an interaction region. A collider which
had a luminosity of 10%* ¢cm~2 5! in a counter rotating mode would have a luminosity of roughly
10 ¢m 2 57! for co-rotating beams and would produce roughly 3 interactions per second. Beam ener-
gies of the order of 1 GeV/nucleon would be needed to keep the bare nuclei from capturing electrons in
* the background gas of the collider.

Nuclear collider experiments - bare nuclei -- A relativistic nuclear collider offers some real advan-
tages over the present fixed target experiments, but at the price of making some of the measurements
more difficult. The two obvious advantages on a collider are 200% K-shell vacancies and no energy
loss in the target. The collider may also allow experiments to look for signatures which can not be
observed in unstripped-beam fixed-target experiments.

In the present experiments, only a small fraction of the uranium ions have a K-shell vacancy
when they are within the critical distance of each other. Because there can be no decay of the supercrit-
ical state without a K vacancy, increasing the percentages of vacancies to 200% is expected to increase
the cross section by about a factor of 40 (Ref. 26,34,35).

The dynamic process also depends upon a K vacancy and Greenberg and Vincent*® have pointed
out that the ratio of induced to spontaneous decays would increase if bare nuclei are used. (This is
because unlike the spontaneous decay, which can occur only when the two nuclei are close enough to
produce a binding energy of > 2mc?, the dynamic process can occur when the nuclei are much further
apart. Having K-shell vacancies at larger distances therefore increases the dynamic process relative to
the spontaneous decay.) Recently, U. Miiller (Ref. 34) has performed calculations which show that
using bare nuclei changes this ratio only by about 15%. Consequently, using bare nuclei remains an
advantage in increasing the signal and in discriminating against positron production which does not
depend upon the number of K-shell vacancies.

Pair production from decay of excited nuclear states, is one such process expected to be insensi-
tive to the number of K-shell vacancies. Consequently the use of bare nuclei decreases the contribution
of this mechanism by a factor of 40. (One small caveat: With a vacant K shell, an excited nuclear state
above 1 MeV [2mc2] can decay by EO transition producing an electron - positron pair with the electron
captured into the K shell, and emitting a monoenergetic positron. The energy of the peak in the posi-
tron spectrum and its width should distinguish this process from positron production by spontaneous
decays of the supercritical state!®1%3!, The EO decay also exists in the present GSI experiments but has
a very low probability because the K vacancy lifetime is only about 10~!7 s and the K shell fills before
the excited nuclear state, with a lifetime of = 10713 s, can decay®!. This suggests a possible experiment
to measure the cross section for this process at higher energies: Bare nuclei pass through a fixed target
and a charge changing collision in coincidence with a mono-energetic positron is observed.)

Nuclear collider experiments - elimination of fixed targets -- In present experiments at GSI'S~17,
targets of = 0.5 mg/cm? are used and peaks in the positron spectra are observed for bombarding ener-
gies between 6.0 MeV/nucleon and 6.2 MeV/nucleon. At these energies, about 0.1 MeV/nucleon is lost
in the target’”. If the energy spread at which nuclei will stick together is much smaller than 0.1
MeV/amu then most of the target thickness contributes only background. Given the intrinsic energy
spread of the beam from the linac and non-uniformity in targets, there is a limit to how thin a target



can be used to advantage in fixed target experiments. In a collider there is essentially no energy loss in
the target and the possibility of stepping the relative collision energy through small increments appears
particularly attractive. Finally, it is in principle possible to do coincidence experiments between
detected positrons and nuclei which have undergone a charge changing collision.

The technical problems associated with holding and adjusting the relative beam energy have not
yet been evaluated. The energy resolution in a collider is limited by such factors as the ability to cool
the beam and the trade off between beam quality and intensity.

Other signatures - If one of the beams of bare nuclei is replaced by a hydrogenlike atom then
nearly half of the combined systems will form with the electron in the 2 2S/, state. The decay rate for
the electric dipole transition 2 25/, - 1 2Sy, for Z > 173 is calculated to be 10*!8 seconds.?®, or =~
10% of the spontaneous positron production rate. Because the electric dipole decay rate from the
2 28, state is much slower than the decay of the super-critical state, if the nuclei stay together longer
than 10™!? seconds then the peak in the photon spectra would be much narrower than the peak in the
positron spectra. The angular distribution of the photons might also yield information about the
dynamics of the collision.

Experimental difficulties in colinear colliding beams -- In addition to needing a small energy
spread and precise control over the relative energy of the two beams, there are experimental disadvan-
tages presented by the kinematics of relativistic beams. In present GSI experiments one of the princi-
pal tools in the detection of the peaks in the positron spectra is correlation of the positron spectroscopy
with the angle through which the projectile is scattered!>. The positron peaks are only observed in col-
lisions in which the uranium scatters, in the center of mass, through 100 degrees to 130 degrees (back
scattering). The kinematics of these collisions in a collider, with the center of momentum moving at
roughly 1 GeV/c or higher is such that all of the scattering is highly peaked in the forward direction
making the measurement of scattering angles much more difficult. Lower beam energies would make
this less of a problem and could be used if the vacuum were better than 10~1° Torr nitrogen (10~ Torr
hydrogen) or if there was frequent replenishment of the beam. To duplicate the count rate in present
fixed target experiments it is estimated*® that a luminosity of 1025 cm~2s~! is needed. Depending
upon what fraction of the fixed target contributed to the signal in the GSI experiments, and the energy
resolution of the collider, a lower luminosity might be used.

(b) Hyperfine Splitting and Magnetic Moments

Hyperfine structure as a test of QED -- A measurement of the hyperfine splitting of high-Z hydro- —
genlike atoms provides a test of the QED corrections to the hyperfine splitting in a strong Coulomb
field. The largest QED correction to the hyperfine splitting is the correction to the electron magnetic
moment due to emission and reabsorption of a virtual photon. The leading order term is the
Schwinger correction which is a/2r times the Fermi splitting. Terms of order a(Za) and a(Z)? are
also present and the calculation of these and higher order terms presents a challenge because it is neces-
sary to consider the energy of the electron bound by the combined Coulomb and magnetic fields of the
nucleus. QED corrections to order «(Za) and «(Za)? have so far been calculated by Sapirstein*! and
by Brodsky and Erickson*? for hydrogen (and muonium) by perturbative techniques. Perturbative QED
can not be used for very high-Z atoms where terms of higher order may be larger than the leading
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terms. The next term in the expansion, a(Z «)?, can not be neglected at high-Z.

In addition to being a test of QED in the limit of a strong Coulomb and magnetic field, the
measurement may be an important test of the leading order terms as well. This is because the relative
size of the QED correction increases with Z. In hydrogen the a(Z«) and a(Z«)? terms contribute less
than 10 parts-per-million (ppm) to the hyperfine structure but in thallium (Z = 81) they contribute
more than 1%. Tests of the theory in hydrogen are limited at about 1 ppm due to the uncertainty in
the proton polarizability. To make a test of equivalent sensitivity in thallium, the uncertainty in the
contribution from nuclear polarizability could still be as large as 0.1% of the hyperfine splitting.

Hyperfine structure anomalies -- Hyperfine structure (HFS) anomalies arise when comparing the
magnetic dipole splitting constants for an isotropic pair from different techniques i.e., NMR (external
field) vs optical (internal field). The HFS anomalies have been attributed to the differences in the dis-
tribution of nuclear magnetism between members of the pair for which the internal field methods are
sensitive. Optical methods however suffer. from the inability to calculate the multielectron atom hyper-
fine structure to sufficient accuracy to yield definitive information on the distribution of nuclear
magnetism*3, Measurement of the hyperfine anomaly in the 1 2S5/, ground state of hydrogenlike atoms
such as 203T1 and 25Tl is a definitive test of the origins of the hyperfine anomalies and of the distribu-
tion of nuclear magnetism. Although muonic atoms also involve a one electron wave function they are
not likely to be a reliable probe of the distribution of nuclear magnetism because the mass of the muon
~ 210 m, is large enough to perturb the distribution inside the nucleus*.)

Application of a RNC Measurements on hydrogenlike thallium using storage rings have been con-
sidered by Bemis*, and fixed target experiments have been formally proposed by Bemis and Gould*.
The atomic ground state of thallium (I = 1/2) F=1 - F=0 transition energy is calculated to be 4800 A°
without QED corrections. The magnetic dipole decay (M1) rate for F=1 — F=0 is = 10?s™~!. Con-
finement of hydrogenlike thallium in a storage ring would then produce a spectra from the M1 decay of
the 1 25, /2, F=1 state and optical spectroscopy would be used to determine the ground state hyperfine
interval®’, The determination of this interval for both 203T] and 20°T1 (both I =1/2) would address the
question of hyperfine structure anomalies because the nuclear magnetic moment ratio is known by
external field methods to an accuracy of < 2 in 107,

Hydrogenlike thallium atoms traveling together in the same beam would undergo low energy col-
lisions in intra-beam scattering which would repopulate the upper hyperfine level. This would produce
a continuous glow from the M1 decay and might be a useful diagnostic of beam density or temperature.
The cross sections have not yet been worked out.

The technique used in measuring the ground state hyperfine structure may also allow measure-
ment of the magnetic moment and hyperfine structure of metastable nuclear excited states. In addition,
transient magnetic fields of up to 10'° Tesla produced from motional Coulomb fields may have applica-
tion for measuring the g factors of high spin states of nuclei.
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