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Measuring the antihydrogen Lamb shift with a relativistic antihydrogen beam
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We propose an experiment to measure the Lamb shift and fine strutherentervals 2,,—2p,, and
2p1o— 2p3p) in antihydrogen. A sample of 10 000 antihydrogen atoms at a momentum of 8.8% Geffices
to measure the Lamb shift to 5% and the fine structure to 1%. Atomic collisions excite antihydrogen atoms to
states withn=2; field ionization in a Lorentz-transformed laboratory magnetic field then prepares a particular
n=2 state, and is used again to analyze that state after it is allowed to oscillate in a region of zero field. This
experiment is feasible at Fermilaf50556-282198)04711-Q

PACS numbd(s): 11.30.Er, 25.43tt, 36.10—-k

[. INTRODUCTION have been made, the best of which is of tlee-2s interval
[6] to 3.4 parts in 18. Antihydrogen at rest would be the

The CPT theorem predicts the existence of the antimatterideal system for the study @PT in atomic interactions and
counterpart of every physical state. Antimatter states correexperiments are planned at CERN, where a new fadilify
sponding to elementary particles and some light nuclei havés in construction, to emulate the high precision measure-
been observed. Until recently no antimatter atomic or moments made in hydrogen.
lecular state had been detected. A CERN grfijgreported We have developed a way to measure the spectrum that
antihydrogen candidates in 1995. We have obtained 4S€S instead antlhydrogen ina reIaFivistic atomic beam. Our
background-free sample of antihydrogen atoms in a Fermilaf€thod of measuring the energy differences betweemthe

experiment2]. Study of antimatter-matter symmetry is in- =2 levels is an'exact analog to the meth(_)d of measuring the
teresting as the only test @PT invariance, a principle that Kg‘ Ks mass Filfference by StUdy'ng the time d_ependenpe c_)f
is fundamental to our description of elementary particle in-K sgmﬂeptonlc decgys. We. describe an experiment which is
teractions feasible at the Fermilab Antiproton Accumulator with an an-

CPT invariance states that the product of the charge Conyhydrogen beam at 8.85 Ge/The simulation described

. . : . . . below is based on the parameters of that machine.
jugation (C), parity (P) and time reversalT) operations is P

an exact symmetry of nature. It is the minimal condition for

the existence of antiparticles within quantum field theory. It Il. OVERVIEW OF EXPERIMENT

can be deri\{ed from very general principles, specifigally that |, our Fermilab experimer{2] we formed antihydrogen
a quantum field theory should be constructed from fields thak;,ms by passing antiprotons stored in the Fermilab Antipro-
belong to flnlte—dllmensmnal r_epresentatlons of the Lorentzy, Accumulator through a hydrogen gas jet target. We iden-
group, have local interactions invariant under the proper Lortjfied antihydrogen atoms, with no background, by requiring
entz group, be described by a Hermitian Lagrangian, ang coincidence between a positron signal and an antiproton
have a unique vacuum. The predictions of @B T theorem  tracked in a high-resolution (610~ %) magnetic spectrom-
are that particle and antiparticle states have equal masseser. We now propose to pass the antiprotons through a high-
spins, and lifetimes, and equal but opposite charges and mag-gas jet target in order to take advantage ofZReise[8,9]
netic moments. The most stringent tests made to date are th the cross section. Antihydrogen atoms will be identified
equality of the electron and positrgnfactors[3] to 2.1 parts  ysing a coincidence between an antiproton tracked in a simi-
in 10'%, and the equality ofe/m| for the proton and antipro- |ar magnetic spectrometer and a positron tracked in a lower
ton [4] to 1.5 parts in 18 An indirect determinatiofi5] of  resolution detector.
the K°—K?O fractional mass difference yields a limit of 9 Antihydrogen atoms emerge from the Accumulator in the
x 10718, Matter-antimatter symmetry has thus been studieds state. The atoms are next excited by their passage through
in leptons and bound states of quarks. Using antimatter a@ thin foil mounted in a magnetic field. The electric field
oms, we can perfornCPT tests of systems comprised of experienced by the atoms in their rest frame ionizes all of the
multiquark states(nucle) interacting electromagnetically excited states except those in the long-lived Stark level with
with leptons(electrons. n=2. A long-lived state can be represented as a coherent
The hydrogen atom is the best studied of all physical syssum of the zero-fielth=2 states, which are split by the fine
tems and extremely precise measurements of its spectrustructure and Lamb shift. The atoms next pass through a
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region with zero magnetic field, in which the state accrues 1 =
phase differences between its zero-field components, result-
ing in “vacuum regeneration” of the medium-lived and 091 ﬂ
short-lived Stark states. The reappearance of these states
changes the point where the atom will ionize in a second ~ | : S

magnet, since the short- and medium-lived states ionize in 7 { o O N
smaller magnetic fields. By measuring where the atoms ion- i
ize, as a function of the flight distance in zero field, we can 0.6
determine the fine structure and Lamb shift splittings. The
ionization point may be found by tracking the positron and 0-5
antiproton.

0.4 H
Ill. METHOD

0.3 Hi

In a strong electric field the 8 states with=2 separate
into 3 Stark levels, each of which has a different rate of field
ionization. At fields large enough that the rates of field ion-
ization are much larger than the rate (62 s 1) at j
which the_zp state_decays radiatively, the _I|fet|mes of the 0 ;== '5‘0' BT 1'%6”2'5'(5' “2';_)'6-
levels are in the ratios of roughly Z5:1. Wewill label these
levels and the states that belong to them as long, medium, FIG. 1. Plot of the probability that an initial long state is found
and short, respectively. The difference in the lifetimes allowsn the long (solid), medium (dasheg or short(dotted level as a
us to pass a beam of atoms with=2 through an electric function of the flight distance in cm in zero field. The sum of the
field and cause all but the long level to ionize. three probabilities(dash-dot shows the decline due to radiative

If this beam passes suddenly into a ‘drift’ region of zerodecay. Note that a state that was pure long-a0 is almost pure
field, a surviving long state projects onto the zero-fieldshort(arrow atx=128 cm, when only 12% of the states have de-
eigenstates as cayed.

V(t=0)= s+ Vilpr) —V3lps). @ P(medium) =2 (1~ cog f +1)x), (@

The state then evolves forward in time as
(1) = \le EC s, )
" \/;e—iE(pl,z)t/ﬁ—(rlz)t/ﬂ P1s)

— \/ge’ E(pa/2)/f = (L12)Uh Y,

0.2

o
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wherex=TI't/A; and

I=(E )IT>0,

S Ep1l2
f= (Eps/z_ Esl/z)lr>0' (5)

2 These oscillating functions are plotted in Fig. 1. The fast

Here[ is the widthfull width at half maximum of the @  oscillation, of period 28.5 cm, in the probability of a long
state due to its radiative decay_ state is due to theﬁ,z—2p3/2 Spllttlng, and the slow modu-
The state that is pure |0ng 80 evolves into a super- Iation, of periOd 267 cm, is due to the Lamb shift Spllttlng
position of long, medium, and short. If the beam suddenlySince the long state can oscillate into a virtually pure short
enters another electric f|e|d, this superposition is again prostate, and since the ionization rates of these states differ by a
jected onto the Stark states. A state with a large projectiof@ctor of roughly 25, the oscillation is easy to detect.
onto long will typically penetrate deeply into the second We now analyze a design for an experiment where the
electric field before ionizing: a state with a large projectionlarge (~2x 10" Vicm) electric fields required are provided
onto short will typically ionize immediately; and a state with by the Lorentz transform of laboratory magnetic fields into
a large projection onto medium will usually ionize at an the rest frame of an 8.85 Ged/Antihydrogen beam, such as
intermediate depth. By measuring the distribution of thehas been produced at Fermilgi. We note that oscillations
depth at which the state ionizes, as a function of the timdn zero field have been used by Sokolov and YakoVEY
spent in zero field, we can determine the zero-field spliting$0 measure the hydrogen Lamb shift to 1.8 ppm using a

of then=2 states. 20 keV beam, and by Parkhomchiikl] to measure the
The probabilities that an initial long state may be found inLamb shift to~1% using a 66 MeV beamv(c=0.35).
a long, medium, or short state are Accurate calculations are required of the rates of field

ionization for the different levels with=2. The eigenvalue
long o problem for the Schidinger hydrogen atom in an electric
P shor =[z field (nearly separates in parabolic coordinates; the ioniza-
tion rates have been intensively studied theoretically and are
+le 2L sinfx—1 sinlx)]? (3y  available to 6 decimals at discrete values of the electric field
[12]. They are also available éasymptoti¢ series in powers
and of the applied field, times an exponential factor; while not

I+

e ¥2(% cosfx+ % cos Ix)]?



57 MEASURING THE ANTIHYDROGEN LAMB SHIFT WITH ... 6651

0.5 6 L ?plote
1 iedge
5_ b
0.4 4L b
. 0.8 I (8 T T G} R RS T
0.3 L 5 long/medium L
0.6
medium/short
02 NSS4 5 6,5/ 8 9 04 L
____________________ long
0.1 0.2
_medium | ;
== OlIIII
0 '3'0' — '4'0' ST —-20 0 20 40 60 80 100 120

FIG. 3. The probability as a function of coordinatécm) that a

FIG. 2. Plot of the probabilities that an incoherent mixture of . . ) .
n=2 states is found in the short, medium, or long level, as a func-state that is pure long at=—20 cm remains long as it passes into

tion of the flight distance in cm in a transverse laboratory magnetic;:: ddgftlrg %Ot%a-tr?se;::erledegre?jﬁfyuzasi)(g}fi:‘b;;z:;iie'[lO:nafli:i?er;;vpeerrsnewe-

field of 7.090 kG. Th lid how th It of the full simu- .
1eld 0 © SOId curves SNOW e resutt of the TuF Simu ble plates that have their edges/at0 and are separated by 4 cm.

lation; the dashed curves show the result in the approximation th ti ient to study the field f ir of plates. instead of
the three levels decay separately with decay rates set by field io}- IS convenient 1o study the Tield from a pair of plates, instead o

rom a cylinder, because the profile may be obtained in almost

ization alone. The difference can be perceived only for the mediu losed f 23l b f | — lid is th
and long states; it is due almost entirely to the omission of the"'0S€ orm{23] by conformal mapping. The solid curve is the

appropriate fraction (1/2, 1, or 1/2) of the 2adiative decay rate result of the full simulation; the dashed curve is the approximation
appropriate for each of the three levels. At the field of 7.090 kginat for y<0 the long state does not mix and may only decay
ratio of the decay length of long to that of medium has its maximumrad'atlvely’ and ay=0 begins to oscillate in zero field as given by
value of 5.8(inser}. Ea. (3).

ionization is a tunneling process and so its rate varies expo-
nentially with the applied electric field. This sensitivity does
not pose a problem because the momentum of the Accumu-

convergent, these serig43] allow accurate interpolation.
The code used in our simulations evolves the &8 density
matrix for the states witm=2 through the perpendicular |5¢or is controlled to 0.02%.

electric and magnetic fields that result from the Lorentz | the drift region, laboratory transverse magnetic fields
transform of a transverse laboratory magnetic field. Thenyust be<3 mG to avoid Stark mixing. Longitudinal mag-
Wigner-Weisskopf formalism is used to include the lossesetic fields involve only the weaker Zeeman mixing and are
due to field ionization and to radiative decay; the linga] not boosted, and so can be much larger0 G. A suffi-
Stark and Zeeman perturbations are included, as are the fingiently field-free region of adjustable length can be provided
structure and Lamb shift splittings, but the hyperfine splittingby a set of telescoping-metal cylinders.
is neglected. The transition from the first magnet to the drift region
We begin the experiment by making antihnydrogen atomsnust now be tailored so that tlme=2 Stark states undergo a
by circulating an antiproton beam stored in the Fermilab Annon-adiabatic transition. A key observation is that in a field
tiproton Accumulator through a high-gas jet. The atoms below 5 kG then=2 states do not ionizésee Fig. 4 and in
emerge from the Accumulator in thesIstate, and roughly a field aboe 3 G the Stark splitting is so much larger than
8% of the atoms are exciteld 5] to states withn=2 by the fine structure splitting that the long, medium, and short
passing them through a very thin (g@/cn?) carbon or states do not mix. It is only in the raad G to 3 mGthat a
polypropylene foil, while most of the other atoms remain insudden fall of the magnetic field must be engineered; quali-
the 1s. The 1s atoms are ionized in a second, thicker foil far tatively we expect that the fields must be made to fall off in
downstream and counted to monitor the relative luminosity.a distance short compared to the spatial period of the fine-
We assume that collisions in the foil produce the eightstructure oscillation, or 28.5 cm. Figure 3 shows how the
n=2 states with equal probabiliff16]. The subsequent evo- transition can be made non-adiabatic using a simple structure
lution of these states in a uniform, transverse magnetic fieldhat is large enough to accommodate the antihydrogen beam.
of 7.090 kG is shown in Fig. 2. The mediur7] and short For a second magnet, Fig. 4 shows the separate probabil-
states ionize rapidly, leaving a nearly pure long state. Théty distributions for the point of ionization of the short, me-
ionization rates are sensitive functions of the applied magdium, and long states. The distribution of ionization points is
netic field and the beam momentum. Changing either byshown as a function of drift distance in Fig. 5. An antihydro-
0.1% will change the & lengths for ionization in this mag- gen atom ionizes into an equal-velocity positron and antipro-
net by 1.8%. The unusual sensitivity arises because fieltbn, both of which we track to determine the ionization point.
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FIG. 4. The probability distribution P/dy (cm~1) for the ion-
ization in the second magnet of a short, medium, or long state, as a FIG. 6. Results of a three-parameter likelihood fit to 20 simu-
function of the deptty in cm. The field profile of the magnet is lated experiments that measure the fine structure and Lamb shift of
shown as the dashed line. The total probabilities that a short, meantihydrogen. Shown are the shifts toward the continuum of the
dium, or long state ionizes in the magnet are respectively 0.9762Sy2 and 2, states, relative to their values in hydrogen, in units
0.942, and 0.963. A long state ionizes with greater probability tharPf the 2p radiative width. Shown too is the ratio of the number of

does a medium state, though a long state has further to fly before ieng states let into the drift region to the set value of 100. The
ionizes, because it has half the rate of radiative decay. vertical error bars are the standard 1-sigma errors estimated for

each variabley from the value of#?In L/oy? evaluated at the mini-

Gulley et al. [18] used a similar technique to ionize and MuYM- Dashed lines show the values set in the simulation; a
count states witm=3 in an 800 MeV neutral hydrogen CPT-violating shift of the &, state of+5 is identified cleanly.
beam.

We simulate an experiment by integrating luminosity Suf_f|C|ent for 100 long states, on average, to emerge from the

first magnet. The & decay length of the R state sets a
natural limit[19] to the useful length of a drift region, and
we wish to sample a set of drift distances separated by sub-
stantially less than the spatial period of the fine structure
oscillation. Accordingly we divide the luminosity evenly be-
tween 101 equally spaced drift distances ranging from O to
450 cm. An average of 80 ionizations occur. The compli-
cated function shown in Fig. 5 is fit to the data using the
method of maximum likelihood20]. In keeping with the
results of the Fermilab experiment, we assume that there is
no background. There are three variables fit: the shifts of the
2sy, and 4, states toward the 2, state, relative to their
values in hydrogen; and the number of long states that
emerge from the first magnet.

Shown in Fig. 6 are the results of the fit for 20 simulated
experiments. The experiment is sensitive at tlhelével to
independent shifts of either thesg, or the 2p,,, state equal
to 0.5 and 0.9 radiative widths of thepZtate. Equivalently,
the experiment measures the antihydrogen Lamb sthi&
251~ 2Py, splitting) to 5% and the fine structuréhe
2p1o— 2p3p Splitting) to 0.9%. Assuming that an interaction

FIG. 5. The differential probabilitdP/dy (cm™?) for a posi- ~ that violatesCPT will shift the 2s state but not the 2, the
tron to appear at coordinayein the second magnet, as a function of _eXpe”ment is sensitive to a shift 0t&10™" of the 2s bind-
the drift distancex in cm. The fast oscillatiofperiod 28.5 cm) is N9 €Nergy. _ o
due to the 8,/,— 2p, oscillation, while the slow modulation in its It is at first sight surprising that so small a number of
amplitude (period 267 cm) is due to thesg,—2p,, oscillation.  detected events suffices to determine the energy splittings
The overall loss in probability with increasingis due to radiative ~ Precisely. We model this effect by using the likelihood
decays in the drift region, which produce atoms in tisesfate that method to form an estimate of a true frequency’ from N
consequently do not ionize in the second magnet. events distributed asflcos’t) over a time intervall. The
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FIG. 7. The(negativg log of the expectation value of the like- A(2s4) / T(2p)
lihood function for 1 event distributed astlcos(’t) over a timeT. ] o ) .
The plots are shown as a function of the estimattor the param- FIG. 8. The(negative log-likelihood function near the mini-

eterw’ =4, for T=27k/w’ wherek is an integer. The curves are Mum, plotted as a function of the shift of the;2 state towards the
shifted vertically to have the common value 0 at their commoncontinuum in units of the @ radiative width. Each figure shows

global minimum atw=4. The width of the central minimum scales functions for different experiments with the same number of long
as 1k. states entering the drift region; the functions are shifted vertically so

that they have the common value zero at the local minimum nearest
the presetCPT-violating shift of +5. The third figure shows the

log of the expectation value of the likelihood function in this : _ _ el
functions for the same 20 simulated experiments as in Fig. 6.

simple model can be found analytically, and k=1 equals

sinwT sine'T that may lead to a spurious fit for a sufficiently small number
1+ oT + o' T of events. The effect of these minima on the 20 simulated
experiments, and on experiments with yet smaller expected
numbers of events, is examined in Fig. 8. Experiments with
100 long states expected are almost always free of such extra
minima; experiments with 40 are usually free, while experi-
ments with as few as 20 often have such minima, and more-
over will often lack the statistical power to exclude the pos-
sibility of no shift of the & state if in fact a shift is present.
This function is plotted as a function of in Fig. 7. It oscil- Demanding 100 long states for a practical experiment there-
lates about a central minimum at the expected value with #ore seems reasonable, since an experiment may still succeed
separation of the central and adjacent local minima=fR  if only 40 are produced. Given that 8% of an antihydrogen
The rms uncertainty-, is found from the expectation of the beam in the & state may be excited by collisions in a foil to

log L=log

siw+w)T siw—w’)T
20w+ o) T 2(w—o’)T

1 sinw'T
+ .
o'T

sin T

1+ oT

—log —log

second derivative of-log L and is given by states withn=2, and that 1/4 of these are long states, and
that 1/2 of these long states remain after the contaminating
o 3 1 12 medium states are allowed to ionize, we assert that an ex-
Zw: Nz o (7) periment can be done on a sample of 10 000 atoms of anti-
(27k)°—9) hydrogen.

Herek= w'T/2 is the number of periods over which obser-

vation extends. Fok=1 andN=100, we find thatr,/w is IV. EXPERIMENTAL MATTERS

3%, roughly equal to the error we have simulated for the A. Rate

Lamb shift. The resolution improves asTlior a fixed num- ) ) } ) o
ber of events because of the increasing lever arm by which Antihydrogen is formed in antiproton-nucleus collisions
each event constrains the phase of the oscillation. Kor by the procespZ—ZHe™. We have measurd@] the cross
=16 we find thato,/w is 0.2%, roughly equal to the error section at 5.7 GeV/ for Z=1 to be 1.12-0.14+0.09 pb.
we have simulated for the fine structure. An experiment musThe cross section for forming antihydrogen in thestate at
have a sufficient number of everiisto resolve the central 8.85 GeV has been estimatf®]9] to lie between 1.52 and
minimum. 5.0z2 pb; for Xenon the lower estimate gives 4.4 nb. The
For the antihydrogen experiment we similarly obtain ad-design of the Accumulator allows antihydrogen formed in
jacent local minima in thénegative log-likelihood function  states withn=2 to contribute to the flux of 4 antihydrogen
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from the machine, increasing the effective cross section bjator momentum, in coincidence with a positron, detects an-
another~13% to 4.9 nb. The beam antiprotons also interactihydrogen with no background. As in that experiment, the
by inelastic processes and by large-angle elastic scatteringntiproton is detected in a magnetic arm instrumented with 1
both resulting in immediate beam loss, and by multiplemm wire chambers with a momentum resolution of 5
small-angle elastic scattering. This multiple scattering in-x 104. The 4.8 MeV¢ positron is detected in a thin, verti-
creases the size and momentum spread of the beam and leads detector with coordinate sensitivity in the beam direction,
to beam loss when this beam “heating” exceeds the coolingygsitioned in the second magnet about 2 cm from the beam
capability of the machine. We take a gas jet density suchyis At Fermilab, the antihydrogen beam is contai(@56

that, at the Fermilab Antiproton Accumulator, there are no, 4 circle of 1 cm radius. The positron, emerging from the

beam losses due to heating, giving an instantaneous IUmMinogs,iaion point in the beam direction, orbits with a cyclotron

i i 72 71 i - . . .
Ifteyc:i)\f/eaizr?;):lorg?t:&tilfz ?g: bes;\errﬁ Iés\/sVZtet?ltil's,mri;ecmr?eet]:) bradlus of about 2 cm in the horizontal plane and so traverses
e detector twice, the midpoint of the hits giving the longi-

3 b so that 1.6 antiprotons per 10onsumed result in anti- tudinal coordinate of the ionization with a precision of 1 mm

hydrogen. The Accumulator is expected to stack antiprotons . . . .
at 107 per hour during Fermilab Collider Run 2. At the rms. A multiwire proportional chamber with windows and

above luminosity we consume 1% of these antiprotons, givg:athOQes made 9f 25 micron aluminized mylarx 10. .5
ing in parasitic operation-40 antihydrogen atoms per day. raQ|at|on lengthkis a sqlta}ble.dete.ctor. Straw tubes,. silicon-
Of these 8% are excited tv=2 of which 1/4 are in a long strip gletectors an_d scintillating flbe_zrs are altern_atlve teqh-
state, giving 0.8 atoms in a long state per day, 1/2 of whicHnologies. The antlprotor_1 track _fur_mshes the honzontal_dls-
are lost while the contaminating medium states in the bearf?NC€ between the point of ionization and the positron
ionize. Accumulating the needed 100 long states takes eigfetector to better than 1 mm rms, giving an additional con-
months of running. Electron cooling, which delivers far straint. A poorer measurement of the longitudinal coordinate
greater cooling power, is planned for the Fermilab Recyclepf the ionization point (1 cm rmscomes from the antiproton
[21]. It may be possible to operate with much greater lumi-track, limited by the 0.2 mr divergence of the antihydrogen
nosity in that machine. beam.
The Fermilab Antiproton Accumulator is able to circulate
protons in the direction opposite to the normal circulation of
antiprotons. Relativistic atoms of hydrogen are formed not
only by the reactiopZ—ZHe" but by the radiative capture
of a target electron, a process which has the relatively large We describe an experiment to measure the Lamb shift and
cross sectioi22] of 344 pb at 8.85 Ge\/ By moving the fine structurgthe intervals 3,,,— 2py;, and 201,,— 2p3)p) in
experiment and reversing the polarity of its magnets, theantinydrogen. In eight months of parasitic operation at the
Lamb shift and fine structure splittings of hydrogen can beFermilab Antiproton Accumulator, these intervals can be
measured by the same apparatus as that used for antihydmaeasured to 5% and 1% respectively.
gen. Such an experiment would be useful in analyzing pos-
sible systematic effects.

V. CONCLUSIONS
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