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We report our final result on the Lamb-shift measurement in hydrogenlike phosphorous using the
251,2-2p3 /2 laser-resonance method. From the measured value of the 2s,,,-2p;,, energy splitting
[539.60(20) THz, or 5555.8(2.0) ;X] the Lamb shift S is deduced in the framework of Erickson’s and
Mohr’s calculations. S fm and Sz‘ﬁpt are the results of the subtraction of the measured 25;,,-2p;,,
energy splitting and the fine structure calculated by the two authors, respectively. The results,
| SE—Sfxpt | =0.43+0.20 THz and | Sm —-SeMxpt | =0.12+0.20 THz, indicate agreement with Mohr’s
theoretical approach (Sy) and are more than two standard deviations from Erickson’s calculations
(Sg). A general overview on the experimental techniques and results is given. The general trend of
the presently available experimental results on Lamb-shift measurements are compared with Mohr’s

calculations.

I. INTRODUCTION

In a previous Letter! we reported our preliminary result
on the Lamb-shift measurement in hydrogenlike phos-
phorus using the 2s,,,-2p3,, laser-resonance-quenching
method by means of a high-power nitrogen-pumped dye
laser. The experiment having been completed, we report
the final result including additional data subsequently ob-
tained using the same experimental setup. In fact, since
the earlier published value! of 5556.5(2.5) A or 539.53(25)
THz for the 2s,,,-2p;,, energy splitting in the hydrogen-
like phosphorus, two additional resonance curves have
been measured, resulting in a more accurate result.

In this paper we give a detailed description of our ex-
periment. In Sec. II we compare Erickson’s and Mohr’s
calculations pointing out the relevant discrepancies and
agreements between the two approaches. Section III de-
scribes the general philosophy of the experiment and the
main properties of the studied ion. In Sec. IV we detail
the experimental difficulties encountered and their solu-
tions. Our final result is discussed in Sec. V where we
also give an overview of the presently available experi-
mental data on Lamb shift and comment on their general
trend in comparison to the quantum electrodynamic cal-
culations.

II. THE HYDROGENLIKE ATOM

A. The Dirac atom

Although a complete covariant description of bound
systems is in principle possible using the Bethe-Salpeter?
equation, it is generally more appropriate to describe such
systems by means of a more simple equation completed by
additional corrections.

The hydrogenlike atomic structure is usually described
(Dirac picture) as a pointlike nonrelativistic nucleus of
charge (Ze) on its mass shell, surrounded by a pointlike
electron of charge e, spin 3, and reduced mass y interact-
ing with the nuclear classical Coulomb field. Then the
energy levels calculated from the Dirac equation® are
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where a=1/137.03595(12) (Ref. 4) is the fine-structure
constant, Z is the nuclear charge number,
p=mM /(m +M) is the reduced mass, m and M are the
electron and the nucleus rest mass, respectively,
n=12,... the principal quantum number, and
e=j++5—[(j+3)*—(Z)*]'/? the quantum defect with
j= %, <, - .. the level total angular momentum. The zero
energy corresponds to the completely ionized ion; all
bound states are of negative energies.

The fine-structure splitting AE (2p3,-2p, ) is then ex-
pressed as
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the 2s,,, and 2p, ,, levels being degenerate. However, ra-
diative corrections remove this degeneracy resulting in the
so-called ‘“Lamb-shift splitting” between the 2s,,, and
2p, s levels.

B. Lamb shift in hydrogen and hydrogenic atoms

The first calculation of the Lamb shift, based on the
nonrelativistic formulation of the radiation theory, was
performed by Bethe® (1947) and yielded a good order of
magnitude of the 2s,,,-2p;, splitting in hydrogen.
Based on quantum electrodynamics, Erickson and Yennie®
(1965), Erickson,”® and Mohr’~!* made more detailed
calculations of the radiative corrections for higher Z ions
and higher principal quantum number (n).

In spite of this lengthy and elaborate development, a
basic disagreement remains in the theoretical estimations
of the most important contribution to the Lamb shift, the
electron self-energy. These discrepancies could not be
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TABLE 1. Contributions of the electron self-energy to the
Lamb shift following Erickson’s approach. This table details
analytically the coefficients in Eq. (5) (see text), where
Cy=1/1+1, j=I++ and —1/1, j=1—%; InKy(2,0) and
InKy(2,1) are the Bethe logarithms of the 2s and 2p levels;

InKo(2,0) =—2.811769...; InKo(2,1) =-+0.030017...;
8;, =0 for p states (/ =1) and 1 for s states (/ —0).
Coefficient

Ao 4 |(A80)+InKo(2,8,)+ 2 21

3T 8 (21+1)

Ay 58

sy F[37(1+ 155 — 5 In2)80]

A F[—17.5988,0+(—0.3528;;,,—0. 4385,~3,2)(1_a,0)]

—840)
Ay |(4m2+ 2L )8,0+(1038,1/2+588j3/2) 0

240
Ag %(—%510)
A7 $[18.488;0+(—1.288;1,,—0.328;3,5)(1—80)]

clearly resolved in the hydrogen atom in spite of extraor-
dinary precise experimental measurements.

This difficulty in the hydrogen atom originates from
additional corrections such as the reduced mass, the rela-
tivistic recoil, and the nuclear size, whose contributions to
the splitting are more important than the disagreement
between Erickson’s and Mohr’s self-energy estimates. In
fact the previous predictions of Erickson and Mohr for
the Lamb shift in hydrogen were

Sg=1057.910+£0.010 MHz ,

Sm=1057.867+0.013 MHz .

But if corrected to take into account a recent measure-
ment of the mean-square radius of the proton,'* these re-
sults become

SE=1057.934+0.010 MHz ,

Sv=1057.888+0.014 MHz .

One observes that the new value of this external parame-
ter introduces a change in the Lamb shift which is half
the disagreement with Erickson’s and Mohr’s calculations.
. On the other hand, the last two experimental results,
S p=1057.845+0.009 MHz (Ref. 15) and Sgy
=1057.8594+0.0019 MHz (Ref. 16) seem to be closer to
Mohr’s result but remain significantly in disagreement
with each other and with the theory.

Only Sapirstein’s theoretical result!’ Sg=1057.860(9)

K(2,0)
Ky(2,1)

2 lln[(Za)—2]+1n

MHz seems to be in agreement with the experimental
values. No information, however, is available for the fin-
ite size and the reduced-mass corrections used in these
calculations.

Because of the severe Z dependence of the radiative
corrections (~Z*), the confrontation between theory and
experiment in higher Z ions would be a better test of the
QED theory. Therefore, we compile Erickson’s and
Mohr’s estimates for the various contributions to the
Lamb shift in different Z ions.

C. Self-energy

Following QED, the electron self-energy (SE) contribu-
tion to the atomic level shift can be written in a dual
series expansion having the form

8Esg= z 2 Bjja

i=1j=4

(Zay . (3)

The main contribution to the Lamb shift for the n =2
levels is expressed as the lowest power in a (i =1) of this
expansion,

8Esg(Za)=—-"—mc’F(Za) . 4)

(Z a)

8
In this expression, F(Za) is a state-dependent series.

First, Erickson and Yennie® introduced an original
operator technique to calculate the F(Za) series up to the
order (Za)? in agreement with previous calculations.
Later, Erickson’-® estimated the contributions up to the
(Za)® term. He expressed F(Za) as

F(Za)= {A40+A41 In[(Za) %]} + 450 Za
+ {Aw-{—Am ln[(Za)_Z]
+Ae I [(Za) 2|} (Za)?

+A(Za) . )]

The coefficient A4, is assumed to contain all higher-order
contributions. Table I shows the details of the coefficients
in expression (5).

Proceeding dlfferently, Mohr estimated numerically
the F(Za) function for the 15,5, 25,2, 2p1 3, and 2p3,,
states. From these results one deduces the 2s,,,-2p,,;
Lamb shift as

SSE(ZCZ)=8ESE(2S1/2)—SESE(zpl/z)

9—13

which can be displayed, for convenience, in a closed form
similar to Eq. (5):

+a+1+3r(14+ 5 — 2 1In2)Za

—+(Za)P I (Za) ]+ (2 +41n2)(Za)* In[(Za) 2] +(Za)*Gsp(Za) | . (6)



TABLE II. Residual contributions of the electron self-energy
to the Lamb shift following Mohr’s approach. Numerical
values of the Ggg function for Z =1 and for 9<Z <20 (see
text).
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TABLE III. Residual contributions of the vacuum polariza-
tion effect to the Lamb shift following Mohr’s calculations. Nu-
merical values of the Gy(Za) function for Z=1and 9<Z <20
hydrogenlike atoms.

VA A GSE(ZG) z . ) A GU(Za)
1 . 1 —23.4(1.2) 1 1 —0.5587
9 19 —20.42(39) 9 19 —0.5059

10 20 —20.13(34) 10 20 —0.5015

11 23 —19.85(29) 11 23 —0.4974

12 24 —19.58(24) 12 24 —0.4936

13 27 —19.31(20) 13 27 —0.4900

14 28 —19.06(17) 14 28 —0.4867

15 31 —18.81(14) 15 . 31 —0.4836

16 - 32 —18.57(11) 16 32 —0.4807

17 35 —18.338(84) 17 . 35 —0.4781

18 40 —18.111(63) 18 40 —0.4756

19 39 —17.890(44) 19 39 —0.4733

20 40 —17.674(38) 20 40 —0.4711

This expression does not take into account the coefficients 4 a(Za) ,

Ago and A as estimated by Erickson and Yennie. How- Svp= I, g ¢

ever, a similar closed contribution is included assuming

Gsg(Za)=a +bZaln[(Za) ?]+cZa. In order to evalu- X{—++ %wZa-—O. HZa)lIn[(Za)"?]

ate the coefficients a, b, and ¢, the Lamb shifts for

Z =10,20, ..., 110 were calculated numerically. The re- +(Za)2[GU(Za)+HWK(Za)]} , 8

sults for the other values of Z are then deduced by inter-
polation or extrapolation methods. This approach will be
discussed in more detail in the last section of this paper in
connection with the experimental data. In Table II we
give the values of Ggg for Z =1 and for 9<Z <20; a
complete tabulation is given in Ref. 13.

D. Vacuum polarization

Deduced first by Serber and Uehling in 1935, the vacu-

um polarization (VP) modifies the Coulomb potential
V(r) at short distances: V(r)—V(r)+8V(r). Later, Er-
ickson combined his results with an additional correction
introduced by Wichmann and Kroll'? (see also Ref. 12) to
express the VP-level-shift contribution as

X {[Hy(Za)+(ZaHyx (Za)18)0} , )

where Hywy (Za)=0.04251—0.10305Za and
Hy(Za)={—++omZa—0.1(Za)*n[(Za)"?]

— 5 (ZaP+sem(Za)} ,

0, for p states (I =1)
810= 1, for s states (I =0) .

Mohr estimated numerically the Hy(Za) function and,
for convenience, displayed the VP contribution as

where Gy(Za) function is tabulated for Z =1 and
9<Z <20 in Table III. It is to be noted that there are no
significant differences between Egs. (7) and (8).

E. Reduced-mass effect

The reduced-mass contribution (RM) to the Lamb shift
is not an additional correction but is normally introduced
in the SE and VP contributions. For convenience it is
considered as a separate term and takes the following
form in lowest order:

_4a(Za) | .m
SERM— 3 - ) mc [ 3Ml
X |In[(Za) 2]+ 35 — + +1nK(2,0)
3 Gy
9
+ 8 2141 (» )
- for the 2s state and
4
SERM=i_a‘ (Za) "'lC2 —2—
37 8
X |2 InKo(2,1) 4= 4 (10)
2 05 8 2 +1

for the 2p;,, and 2p;,, states. The RM contribution is
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deduced from Egs. (9) and (10) with m <<M (the nucleus
mass):

_4a (Za)* m
Srm= 3 "g me ‘ M
K,y(2,0) 23
-2 P At el 1
X |[In[(Za)~*]+1n Ko (21) w0 | - (11)

No significant disagreement exists between Erickson and
Mohr at this point. However this contribution can be
neglected for Z > 10.

F. Fourth- (and higher-) order contributions

Erickson’s a? [fourth-order (FO)] contribution to the
level shift is

2
_4la| Zat
SEF()— 3 3 mc
X 0.6505658,0—0.246359—CL . (12)
21 +1

It contributes to the Lamb shift by an amount

2
4
izgi)mczxo.szzo% . (13)

4 |a
Spo=—7|—
SFO= 73

The effect of higher orders in a (a3, ...) have been
shown® to give no significant contribution to the Lamb
shift and can always be neglected.

G. Relativistic recoil effect

The Bethe-Salpeter equation? describing the hydrogenic
ion gives an additional term to the Lamb shift, which
must be separately included as a correction to the Dirac
equation. At the lowest power in (m /M), the induced
level shift can be written as

(Za) 5| m
M

3 mc
2({In[(Za) 2]+ 5+ }8,0+1nK(2,8;1))

4 a
=73

X

2

(7 In[(Za)2]— %810

1—8;9

0T DI+ (14

]—510

This gives the relativistic recoil (RR) Lamb-shift contri-
bution ’

K(2,0)

20050 1, 9T
Ko(2,1)

+In[(Za)"?]+2In D

X (15)
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H. Nuclear size

The finite size of the nucleus (NS) contributes to the
Lamb shift and can be estimated separately. Assuming a
spherical nucleus, Erickson obtained, for the 2s and 2p
levels, respectively,

8E§s=il(za)4 2T (RZ)(
3

1+0), 16
s cZa?cz +C) (16)

(Za)*  , m (R?) 10 (R?)
met T 3
8 2 x; T a

O
o]
zs
w

Il
w |

a
T

V)

where a =2%/Zamc is the Bohr radius (n =2), (R?) is
the nucleus quadratic radius, and C = —0.004 for Z =1,
C=—0.147 for Zs~1. It clearly appears that the 2s con-
tribution dominates over the 2p one with

S Ens(25)~10%8Eng(2p) .

Mohr obtained a different result for the (NS) contribu-
tion

ZaR 2s

%

[(Za)~241.70]

2 T
mec-—
2a

(18)

where s =[1—(Za)?]"/2. This result is significantly dif-
ferent from Erickson’s one which can be deduced from
Egs. (16) and (17). The relative difference is 0.47% at
Z =1,30% at Z =15, and 71% for Z =30.

I. Total Lamb-shift splitting

The total Lamb shift can be written as the sum of all
the individual contributions previously detailed:

Erickson’s and Mohr’s estimates differ by Svp, Ssg, and
Sns terms. However, Mohr adopted in his calculations
the Sgo, Sgrm, and Sgr contributions following the pre-
dictions of Erickson.

Table IV shows as an example these different contribu-
tions to the Lamb shift in three hydrogenlike atoms
Z =1, 15, and 30. In this table one can see in column
|E—M] the difference between Erickson’s and Mohr’s cal-
culations, hence the precision required experimentally in
order to discriminate between the two approaches. In the
case of hydrogen (Z =1) this precision must be of the or-
der of 43 ppm; in phosphorus, 1.5% and only 6.6% in
zinc. These indications clearly show the interest of the
Lamb-shift measurements in high-Z atoms.

J. Radiative corrections to the fine structure

The energy splitting AE (2p3,-2p, 2) introduced in Eq.
(2) must be amended by taking into account the radiative
corrections. Following Erickson,® these contributions can
be written as
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TABLE IV. Details of the Lamb-shift estimates in three hydrogenlike atoms Z =1, 15, and 30 following Erickson’s and Mohr’s
prescriptions. R and M values for the Z =15 and 30 are extracted from Mohr’s tabulations in Ref. 10, while R (hydrogen) is taken
from Ref. 14; a—!1=137.035965(12) is taken from Ref. 4 (see text for detailed discussions).

Hydrogen Z =1 (MHz)

Phosphorus Z =15 (THz)

Zinc Z =30 (THz)

Erickson Mohr |E—M]| Erickson Mohr |[E—M|  Erickson Mohr |E—M]|
Self-energy 1085.859 1085.814 0.045 21.700 21.394 0.306 254.27 239.23 15.04
Vacuum —26.895 —26.897 0.002 —1.244 —1.262 0.018 —18.73 —19.94 1.21
polarization
Higher 0.102 0.102 0.005 0.005 0.08 0.08
order (a?)
Reduced 1.636 —1.636 —0.001 —0.001 —0.00 —0.00
mass
Relativistic 0.359 0.359 0.006 0.006 0.09 0.09
recoil
Nuclear 0.145 0.146 0.001 0.086 0.112 0.026 2.11 3.54 1.44
size
Total 1057.934(10)  1057.888(14) 0.046 20.553(62) 20.254(12) 0.299 237.8(3.8) 223.00(20) 14.8
43 ppm 1.5% 6.6%
Nuclear R =0.862(12) fm R =3.19(1) fm R =3.96(3) fm
parameters M =1.007276 a.u. M =30.97 a.u. M =63.91 a.u.
172 172
Za 14+[1—(Za)?]'/? 4a(Za)* ,3
AE =pc*i|1— [== — —————mc
# [ 2 [ 2 37 8 16
2
X {fn— ] —(Za)zln[(Za)_2]+4(AA60+AA70)+2-7a-r"(——0.328)] . (20)

Mohr’s fine-structure estimates can be extracted from the
previous equations (4), (8), (10), (12), (14), (17) and the re-
lated tables (see also Ref. 10).

K. Hyperfine structures

The energy splitting induced by the hyperfine interac-
tion results from the coupling between the nuclear mag-
netic moment (u) of the atomic nucleus with spin(/) and
the magnetic moment of the electron. Thus in hydrogen-
like atoms, for each atomic level described by the quan-
tum number (n, j, and /), the hyperfine energy separation
of the most separated substates can be expressed as

m_ 4 Z3a’g
AEur= 3RI+DG+1)
I+7, Jj<I

1G+1/2)/), j>1I @1
where g =p /I is the nuclear gyromagnetic ratio expressed
in nuclear magnetons, M, the proton mass, and
R,=13.605804 eV, the Rydberg constant. Although
these substates, described by the hyperfine coupling
F=T+ 7, are shifted with respect to the unperturbed po-
sitions by the amount

[
SE=Ct[F(F+1)—IUI+1)—j(j+1)],

their level centroids remain unaffected.

III. PHILOSOPHY OF THE EXPERIMENT

A. Introduction

The experimental techniques used in the Lamb-shift
measurements in high-Z atoms are different from those in
light elements (Z =1,2,3). In such cases the production
of hydrogenic ions in the 2s,,, level cannot be achieved
by electronic bombardment, and one needs heavy-ion ac-
celerators combined with the well-known beam-foil tech-
nique. The order of magnitude of the ion energy is of
several MeV per nucleon. On the other hand, for Z >4
the classical rf resonance techniques cannot be applied be-
cause of the limitation in frequency and in power. Three
other methods are usually employed: (i) The Stark-
quenching technique, where one measures the lifetime of
the mixed 2s,,,-2p,,, state in a known electric field, (ii)
The laser-resonance technique, where the 2s,,—2p,,, or
the 2s,,,—>2p3, transition is induced by means of a tun-
able laser and monitored by the detection of the subse-
quent Lyman-a x rays. The Stark-quenching technique
suffers from possible systematic effects due to changes in
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the ion trajectory, to the presence of unresolved back-
ground contribution, and to cascading effects feeding the
2sy,, level during the flight. These types of difficulties
are not present in the laser-resonance technique, which in
contrast lies on the limitation of the technology and
suffers from alignment problems. (iii) The electric field
anisotropy technique, where the anisotropy of the emitted
X rays is measured when the 2s;,, and 2p,,, states are
mixed by an electric field. This method seems to be very
promising and allows the extension of the Lamb-shift
measurements to higher Z.!° Using this approach® the
Lamb shift in deuterium and oxygen have been measured
with high precision. We have, however, chosen the laser-
resonance method and in the following we will show that
it is well adapted for several candidates with atomic num-
bers Z < 20. '

B. Principle of the measurement

The energy levels of hydrogenlike atoms of interest
herein are shown in Fig. 1.

1. The 2s,,, state

The parity selection rules between atomic states forbid
the E 1 transition between 2s,,, and ls;,, ground state.
Likewise the small energy splitting S (LS) between 2s, /,
and 2p,,, also inhibits the E1 transition between these
two states. Thus the 25, ,-state lifetime is essentially in-
duced by the two-photon 2E 1(2s;,,—1s,,,) transition
and the M 1(2s,,,—1s,,,) allowed transition by the rela-
tivistic effects.

Parpia and Johnson?! have recently calculated the decay
rate of the 2s,,, state. For Z ~15 this estimate can be
written as

Y25 ~8.15Z° (2E1)+2.53X10~°Z° (M 1) s~ !, (22)

where the numerical coefficients are also Z dependent.

2. The 2p,,, and 2p; s, lifetimes

The dipole approximation of the E 1 transition between
the 2p states and the ground state can be expressed by

E 2P3,2
AE-S
AE
252 ¢
S
2Py
18y

FIG. 1. Partial energy-level diagram of hydrogenic atoms.

Y2p=6.265X10°Z* s~ ! . (23)

This approximate value is within 2% of Mohr’s calcula-
tions* based on QED theory.

The metastability of the 2s,,, level is exploited to in-
duce resonant transitions to the 2p, ; or 2p;,, levels. The
experiment consists of counting the number of Lyman a x
rays as a function of the wavelength of the laser light in-
teracting with the ion beam. The centroid of the mea-
sured Lorentzian shape corresponds to the energy splitting
of the coupled levels.

If the decay rate of the 2s,,, level is considered to be
negligible compared to the deexcitation rate of the 2p lev-
el (Y2 <<¥2p), the probability (p) of the 2s—2p transi-
tion is given by*>?3

b TR
. Yas+VRr

where T is the interacting time of the ion and the laser
beams, and

{1—exp[ — (v +vr)T]} , (24)

' 2
ap

Z

7/2p

9a
0 (v—v0)2+(y2p /4m)?

YrR= 27#

Here, f is given by the selection rules f=+ for
251,,—2p3,, and + for 2s,,,—2p, 5, ag is the Bohr ra-
dius, I, the power density of the laser (W/cm?), and Yo
the expected resonance frequency. In the case of perpen-
dicular laser-ion beams, T is very short (typically of order
1019 5) s0 that Eq. (24) can be simplified to

p=vrT . (25)

The shape of the resonance is Lorentzian, with a full
width at half maximum (FWHM) of

depending only on the 2p-state lifetime or natural width.
In the presence of hyperfine structure

P=2D;, (26)
; ,

where p; is an expression similar to that of Eq. (25) but
written for each specific hyperfine transition. In the case
of statistically populated hyperfine sublevels, the frequen-
cy of the resonance is not shifted, but only slightly
broadened.

The quality factor Q of a resonance can be defined as
the ratio of the energy splitting to the transition width:

S
ﬁ7/2p

for the 25, /,-2p, /5 case and

0= ~F(Za)~4

0= AE —S N AE
ﬁyZp ﬁ7’2p

for the 2s,/,-2p3,, transition. As a consequence the tun-
ing of the 2s,,,-2p;,, resonance is easier experimentally.
However, the relative precision of the extracted value of
the Lamb shift is not increased because it is obtained by

~110
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TABLE V. The properties and parameters of interest of the atomic energy diagram of the hydrogen-

ic phosphorus.

Phosphorus Z =15

Erickson Mohr
AE 2.314788(96) 2.314877(30) eV
S 0.084 947(250) 0.083 764(54) eV
AE —S 2.229 838(270) 2.231113(62) eV
5560.3(6) 5557.10(15) A

Nucleus spin I =13, g factor=1.1305

AEHF(2SI/2)=243 GHz=0.001 eV
AEHF(2P3/2)=32 GHz=0.00013 eV

Y25=9.62X107 s71; 75 =y5'=10.4x10"° s
Y2p=3.16X10" s 75, =y3'=3.16x10"1* s

Natural width of the resonance

Tou =72 /2m=5.03X 10'> Hz—0.0208 eV—51.8 A

subtracting the measured (AE —S) value from the calcu-
lated fine structure AE.

Owing to problems related to the ion sources in the
heavy-ion accelerators, and to the lack of adequate laser
systems, there are only a few candidates for a Lamb-shift
measurement  using the laser-resonance method
(9<Z <20). Some experiments of this type have already
been performed or are in progress in Z =9,17 or started
in Z =16 systems. The theoretical (AE —S) splittings of
Si (Z=14), P (Z=15), and S (Z =16) are, respectively,
7344, 5560, and 4286 A, implying the possibility of tuning
the (AE —S) resonance in a continuous way by means of
an appropriate dye laser.

We finally undertook the Lamb-shift measurement in
the hydrogenic phosphorus ion, in spite of the important
difficulties in producing the ion beam in the accelerator
using the explosive and poisonous gas PH;. In Table V
are listed the properties of interest of the involved atomic
levels of hydrogenic phosphorus.

In conclusion, the Lamb shift in hydrogenlike phos-
phorus was measured using the 2s,,,-2p;,, laser-
resonance method by means of a tunable and pulsed
high-power dye laser. The pulsed structures of both the
laser beam and the ion beam delivered by the cyclotron of
Louvain-la-Neuve were exploited in order to enhance the
signal-to-background ratio. The difficulties encountered,
and their adopted solutions, are described in the following
section. '

IV. EXPERIMENTAL SETUP

A. General description of the experimental setup

A typical 1 pA current of P>* jons of 87.1 MeV was
extracted from the isochronous cyclotron of Louvain-la-
Neuve. Bare P'** ions, produced in a (1 cmX2 cm) car-
bon foil (C;) 100 pg/cm? thick (see Fig. 2), are selected
with the steering magnet of the cyclotron and made in-
cident upon a second carbon-adder foil (C,;) to produce
hydrogenic phosphorus P'#+ jons (~20 nA) of which

part are in the metastable 2s;,, state. A complete
charge-state analysis and detailed spectroscopic work have
already been reported.?*—?’

The ion beam was shaped by slits and antiscattering
collimators to a spot of 1 mm(¥)x 30 mm(H) in the in-
teraction region with the laser. The ion-beam direction
and shape were monitored by two dual grip-type beam
scanners?® placed before and after the interaction region

ISOCHRONOUS CYCLOTRON
OF LOUVAIN-LA-NEUVE

P5* 87.1MeV

C, (100ug/cm?)
. Stripper
Switching Magnet

P‘lSo
J w1
—— M1 Beam Scanner

Adder Foil —— C, (10ug/cm?)

coL
ICH
Molectron Laser w2
UV 24 (N2) +
DL I Dye Laser
Powermeter
Multiwire

X-Ray Detector L

=1 M2 Beam Scanner

L Faraday Cup

FIG. 2. General scheme of the experimental setup. Detailed
view of the ion-beam trajectory.
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FIG. 3. The measured-power response function of the cou-
marin C495 dye as a function of the laser-output wavelength (or
frequency), in arbitrary units. The region of the curve to be ex-
plored is also indicated.

with the laser. On the other hand, the laser light was
focused to a spot of 1 mm in diameter and interacted with
the ion beam at 90° with respect to its direction as shown
in Fig. 2. The laser beam, crossing the interacting
chamber (ICH) from side to side, was monitored in a stan-
dard power meter purchased from Scientech Inc.%

A fast multiwire gas (Ar-CH,-C,H,) counter with a
large solid angle was placed on the top of the ICH to
detect the induced x rays (2.3 keV) through a Kapton®
foil of 12y thickness. A Faraday cup, placed at the end
of the beam tubes, was used to monitor the total beam
current in order to normalize the different measurements.

As the phosphorus beam was delivered in a pulsed
mode with a burst duration of 5 ns FWHM and a repeti-
tion rate of 12.02 MHz (cyclotron radio frequency rf), and
as the laser beam also has a pulsed structure with a max-
imum repetition rate of 50 Hz and a time structure of 7 ns
FWHM, one of the major experimental difficulties of our
setup was to achieve an absolute phase synchronization
between these two beams to give a maximum. overlap at
the point subtended by the x-ray detector. These require-
ments implied a continuous control of the time reference

EBERT
f=352m

[ L__Monochromator

IR Source
. Laser
Grating Beam ™=

chosen to synchronize the two beams. For this purpose
two removable tungsten wires were used (W1 and W2 in
Fig. 2), viewed by two detectors (plastic scintillators cou-
pled to a photomultiplier) detecting either scattered ion
and/or scattered laser light, as will be explained in a sub-
sequent paragraph.

B. Laser spectrum

Our laser system was a commercial Molectron device®!

composed of (a) an UV24 pulsed nitrogen laser (peak
power 1 MW), maximum repetition rate of 50 HZ, pulse
duration 10 ns) and (b) a grating-tuned dye laser with a
DL14 amplifier, delivering light pulses of 7 ns FWHM
pumped by the UV24 nitrogen laser. The nitrogen laser is
not the familiar optical feedback amplifier operating on
the basis of the stimulated emission, but rather a source of
spontaneous emission of radiation arising from many
atoms emitting coherently. This phenomenon, bearing the
name of superradiance, is the quantum electrodynamical
counterpart of the well-known N emitter effect. When N
emitters are properly phased, they interfere constructively
with each other giving an emission rate proportional to
N2. The laser emission centered at 3371 A is produced by
a very fast high-voltage discharge. As the lifetime of the
upper laser level is only 40 ns and as the laser transition
feeds a metastable level, the laser operates only in a pulsed
mode. The pulse duration was limited to about 10 ns. In
this type of laser the use of mirrors at both ends of the
cavity is not necessary, and they are only used to enhance
the superradiant output. The dye used to explore the reso-
nance was coumarin C495 dissolved in ethanol to a con-
centration of 10~2. The dispersive element of the dye
laser was a grating of 600 lines per mm blazed at an angle
of 54°6’ Without telescope, the total bandwidth achieved
3 A) was sufficiently narrow to explore the full resonance
(50 A) Figure 3 shows, in arbitrary units, the measured-
power response function of the dye as a function of the
output wavelength. The peak power at maximum effi-
ciency was 100 kW.

The wavelength calibration of the dye laser was
achieved by means of a spectrometer of the Ebert-Fastie
type with two fixed apertures and a focal distance
S =3.52 m, as shown in Fig. 4. The laser wavelength

Multi-pass
absorption Cell

> Prism

Postmonochromator

f PbS Detector
Photomultiplier

FIG. 4. General scheme of the high resolution Ebert-Fastie monochromator used for the laser wavelength calibration.
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FIG. 5. Two typical laser lines at different grating positions,
measured using our monochromator. It shows a superposition
of the laser-output spectrum and some infrared absorption
peaks in water vapor as a function of their wavelengths. Using
these narrow absorption peaks as references, the laser lines are
determined to an overall accuracy of 0.4 A.
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calibration was performed in the following way. The laser
beam was transported from our experimental area to the
spectrometer, a distance of 300 m, using an acrylic optical
fiber; the laser light, focused onto the entrance aperture,
was reflected by a spherical mirror, then dispersed by a
grating and reflected back to the spherical mirror induc-
ing a second passage on the grating before focalizing the
light onto the output aperture; the scanning of the wave-
length was done by rotating the grating, with an auxiliary
prism post monochromator separating the wavelengths of
the different orders of diffraction; the light injected in the
spectrometer was alternately the laser light or the infrared
radiation from a carbon filament at high temperature. In
the former case the lines were detected with a photomulti-
plier, while in the latter, the absorption peaks of the light
in the residual water vapor in the infrared region were
detected with a PbS detector.

The calibration consisted of taking simultaneously a
spectrum of the laser line (diffraction order 45) and
several well-known absorption peaks in water vapor (order
9). Figure 5 presents a typical superposition of two such

spectra as a function of wavelength (A). Using the nar- -

row absorption peaks as references, the laser line was
determined to an overall accuracy of 0.4 A.

C. Synchronization of the pulsed laser output
with the beam bursts of the cyclotron

As we mentioned previously, the ion and the laser
beams were delivered in a pulsed mode. In order to syn-
chronize these two beams, three technical conditions had
to be achieved:
phase-shift correction,? (b) a perfect stabilization of the
light-output delay of the nitrogen laser with respect to an
external trigger pulse,* and (c) a maximum overlap of the
two beams in the region subtended by the x-ray detector
taking into account the velocity difference of the ions and
the laser radiation.® .In fact, any time difference
equivalent to 10 ns or more between the two beams, can-

(a) a proper cyclotron rf-beam burst

cels the probability of inducing any resonant transition be-
tween the 2s,,, and 2p;,, states in hydrogenic phos-
phorus. This probability, given by the convolution of the
temporal shapes (quasi-Gaussians) of the ion pulse and the
laser-light pulse, decreases by 10% (20%) if the time
difference is about 1.7 ns (2.4 ns).

Therefore we had, in the first stage, to develop a new
type of time-reference signal always in phase with the cy-
clotron beam bursts. The most simple and realistic time-
reference signal would have been the cyclotron rf pulse
delivered by the synthesizer at each beam burst. However
we found that this approach remains unsatisfactory for
experiments in the nanosecond range due to their slow rel-
ative phase drift. An rf-beam burst phase-shift corrector
was developed. This was achieved®? by coupling the usual
rf signal to a typical scintillator time-pickoff assembly
viewing the ion beam diffused by the W1 tungsten wire
after the switching magnet (see Fig. 2). This wire was
viewed by a plastic scintillator (NE-102A), 2 mm thick,
coupled to a S6AVP Philips photomultiplier tube through
a Plexiglass light pipe used as a vacuum seal, the photo-
tube being in air. By feeding the rf signal and the anode
signal of this scintillator assembly to the homemade
phase-shift corrector working in a sampling mode, it
delivered with 100% efficiency a reconstructed rf signal
(RRF) always in phase with the ion burst, independent of
any modification or drift in the operating conditions of
the cyclotron. The correction was limited to 0.1 ns per
pulse to avoid excessive response to noise pulses from the
detector. The block diagram of this phase-shift corrector
has been described in detail elsewhere;*? we comment here
only on the performance of this setup (Fig. 6). The data
in Fig. 6(b) illustrate a simulated slow phase drift (~20.3
ns overall FWHM between the rf signal and the beam
bursts in normal running of the cyclotron, while the data

{a)

Counts
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500 4

500

0 1 1 ] 1 1 T 1 T T
50 150 250 350 450
Channel

FIG. 6. Two time spectra (TAC) illustrating (a) the improve-
ment (FWHM=5.9 ns) when the rf pulse is derived from the
phase-shift corrector device and (b) the slow phase drift
(FWHM ~20.3 ns) between the radio-frequency (rf) signal of the
cyclotron and the beam bursts in normal running of the cyclo-
tron.
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in Fig. 6(a) show the improvement (5.9 ns) when we used
the rf—phase-shift-corrector device and the derived RRF
as the time-reference signal. If one takes into account the
instrument response function in these measurements, one
can conclude that we achieved a phase-drift correction
much better than 1 ns by using the new defined RRF sig-
nal.

In a second stage of our investigations we found that
the time delay of the laser-light output with respect to an
external trigger was not constant as per the commercial
specifications, but subject to a slow and large drift (25 ns
is the best we could achieve for a short time running
without regulation) greatly exceeding the width of the ion
burst (3—5 ns) and the specified jitter (=1 ns). Such a
drift was electronically corrected by means of a feedback
system (composed of a fast detector of the laser-light
pulse coupled to an automatically adjustable external de-
lay in the trigger circuit of the laser) and by taking into
account the measured delay between the trigger pulse and
the light output in the previous firings. This electronic
circuit will be called, in the following, the “laser phaser.”
Complete details of this arrangement are described else-
where.3* As it is shown later in a more general electronic
diagram (see Fig. 11), the RRF reference signal was fed
into the phaser as well as the trigger signal (derived from
the cyclotron heavy-ion source). The N, laser was started
with a pulse delivered by the phaser using an optical cou-
pling in order to avoid any disturbance of the phaser by
the EMI noise picked up in the wires during the discharge
of the laser. Part of the light output, suitably attenuated,

Channel . (Cl)

Channel ( )

FIG. 7. Two time spectra (TAC) illustrating (a) the phase
drift (FWHM=24 ns) between the laser-light output and its
externally triggered signal and (b) the improvement
(FWHM=1.85 ns) when the laser is triggered by the “phaser
electronic device allowing almost a 90% temporal overlap be-
tween the ion and laser beams.

 ions and the light pulse (2.8 ns).

was detected by a silicon avalanche photodiode (RCA-
type C-30902-E). The pulse, shaped by fast electronics,
was fed back into the phaser for comparison with the
RRF signal (time reference) and for the dynamical correc-
tion of the delay of the next trigger of the laser. Figure
7(a) shows the measured time relationship between the
laser output and the trigger with the phaser disconnected.
This figure clearly shows that the total width of the spec-
trum (24 ns) over 2500 s of running greatly exceeds the
width of the ion burst. When the laser was triggered with
the phaser we obtained the spectrum displayed in Fig. 7(b)
for a running time equivalent to Fig. 7(a) [Fig. 7(b) is ex-
tended by a factor of 2 as compared to Fig. 7(a)]. The
phaser reduces the width of the time spectrum from 24 ns
to 1.85 ns FWHM. With this arrangement almost 90% of
the light pulses occurred within 2 ns, allowing a good
temporal overlap of the ion burst and the laser light.

In the third stage of our experimental setup the absolute
synchronization between the laser and ion beams was
fixed in such a way that they always crossed each other
at the point subtended by the x-ray detector. This was
achieved by introducing a tungsten wire ( W2, see Fig. 2)
at the desired crossing point and by alternately detecting
the elastically scattered phosphorus ions and the scattered
laser light with a detection system>* similar to the time-
pickoff assembly used for the cyclotron rf-beam burst
synchronization. The time relation between these two
scattered beams with respect to the RRF signal should be
the same taking into account the velocity difference of the
If not, one manually
corrected (additive cable) the delay of the RRF signal (see
Fig. 11) fed into the laser phaser until perfect synchroni-
zation was achieved. - After this adjustment the wire
(W?2) was removed. This absolute synchronization was
monitored continuously by measuring the time relation-
ship between the time-pickoff assembly viewing the ion
beam at the first tungsten wire (W 1) and the signal de-
rived from the silicon photodiode detecting part of the
laser-light output. The arbitrary time interval between
these signals must remain constant dunng the measure-
ments.

D. Monitoring of the cross angle
of the laser and the ion beams

An important Doppler shift affects the wavelength of
the laser light in the rest frame of the moving ion with
velocity B=v/c =0.0767(2). If the crossing angle of the
two beams is defined by 6, the relatlve wavelength
Doppler shift is given by

AL _ Ao
)"0 N A‘O

where A is the wavelength of the light emitted by the laser
(Lab.), 7Lo is the corresponding value in the rest frame of
the moving phosphorus ion, and y =(1—5%)~'"2,

If the crossing angle O=m/2 and A,=5560 A (about
the theoretical centroid of the resonance), one finds a
transverse Doppler shift of AA=16 A. This value drops
to zero (A=A,) at 87.8°, clearly illustrating the sensitivity
of our experiment with respect to the angle 6. This sensi-

=y(1—cosf)—1, 27



tivity can be written as

dAo B sin@

30 ¥ (1—Bcosh)? *
It is maximum at 6581"%8’ and zero at 6=0° or 180°. At
0=m/2, 0Ay/36=0.43 A/mrad (for A=5560 A). The

uncertainty in Ay due to the errors in the determination of
A, 0, and B is given at 0=1/2 by

(28)
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and indicates its negligible dependence on o owing to the
fact that (By)* <<1. The natural width of the resonance
I',.a: is also modified by the Doppler effect because the ion
beam is not perfectly parallel and hence possesses a non-
vanishing velocity component in the laser-beam direction.
In these conditions the total width of the resonance I" can
be written as
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where TI'p is the Doppler broadening and

[a=5.03x10'2 Hz or 51.8 A (see Table V). As will be
shown below, the maximum horizontal divergence of the
ion beam at the crossing point is 25 mrad, so that I'p =25
mradX0.45A/mrad=11 A. Therefore, with the total
width of the resonance I'=53 A and Al'=I"—T",;=1.2
A, the resonance shape could be kept as a Lorentzian
form. ’

The inhomogeneities of the spatial structure of the
phosphorus beam can also slightly shift the centroid of
the resonance. This effect is taken into account when the
overall beam direction is given by the center of gravity of
its spatial distribution, as discussed in what follows.

~ In order to minimize the error in our results due to any
poor evaluation of the crossing angle of the two beams, it
was of great importance to have a perfect alignment pro-
cedure for the two beams and a very efficient control sys-
tem during the experiment. Therefore two reference axes
must be defined in space which cross each other at 90° at
the point subtended by the x-ray detector. Once these
axes were defined, both laser and ion beams had to be
made to conform with them. We chose the ion-beam
direction as one of the reference axes, and controlled very
precisely any displacement from its initial direction.
Then the laser light was brought to cross at 90°.

" Any usual techniques to visualize an ion beam (for ex-
ample, the aluminum silicate) do not have the required
sensitivity nor the linearity to restore the beam inhomo-
geneities. Therefore we developed a very sensitive system
capable to visualizing the exact profiles of the beam,
which gave its centroid values with a remarkable precision
and allowed feedback corrections of any deviations from
an initially adopted direction.?® This system was com-
posed of two dual grid-type beam scanners placed before
and after the crossing point of the ion and laser beams
(M1 and M2 in Fig. 2). Each scanner was a dual grid of
48 horizontal and 48 vertical wires, each of 200 um diam
and spaced 1 mm apart on both sides of a printed circuit
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board of 1.6 mm thickness covering an aperture of 5X5
cm?.  The printed circuit and the associated electronics
were fixed on an X-Y translator table allowing precise po-
sitioning in the beam trajectory. The current collected on
each .wire charged a capacitor, and at regular time inter-
vals the accumulated charge was readout by a micropro-
cessor which also transfers the data to a microcomputer
(DAI personal computer). The readout was used to visu-
alize simultaneously the horizontal and vertical profiles of
the beam on the screen of an oscilloscope. The microcom-
puter allowed repetitive and automatic determination of
the center of gravity of the beam spatial distribution in a
few seconds. If a position drift in the beam direction ( > 1
mrad) was registered, the computer modulates the current
in a correcting steering magnet positioned on the beam
line, maintaining the initial axis of the beam (the axis of
reference).

By means of this system the centroid of the beam spot
was determined with an accuracy of 5X10~2 mm,
representing the standard deviation of 60 profile measure-
ments at 30 s intervals each. The two beam scanners, po-
sitioned symmetrically on both sides of the crossing point
at a relative distance of 2 m, allowed the determination of
the crossing angle with an accuracy of 0.035 mrad.

The alignment and the determination of the reference
axis of the laser beam at =1 /2 with respect to the ion-
beam direction was carried out with a He-Ne laser follow-
ing the experimental procedure shown in Fig. 8. The He-
Ne laser beam was positioned to coincide with the ion-
beam axis (reference axis), materialized by the center of
the two beam scanners, each of which was geometrically
centered with the beam tube inside the quadrupoles.

At the given crossing point, a thin semitransparent mir-
ror was positioned on a horizontal goniometer coupled to
a stepping motor with sensitivity of j& of a degree. The
“zero” position of the goniometer was obtained by back-
ward reflexion of the He-Ne laser light and the mirror
then turned by an angle of 45° to reflect the light at 90°
with respect to its incident direction. The dye-laser-beam
reference axis was completely determined by reflecting
this He-Ne beam with a fixed mirror at 180° through two
narrow diaphragms (D), separated by 1.5 m and situated

Dye
I——&}——/ Laser

_-.:._ Diaphragm D

Beam Scanner ! lon,_Beam
M2 N M1
e || S o[ Ay
Laser I ! :Mirror fixed U U UU
Diaphragm 1on Goniometer Quadrupoles

I
I
1
I
|
1
——c:-—- Diaphragm D

—+— Fixed Mirror
Power meter

FIG. 8. Schematic of the experimental proceduré and setup
for the alignment and the determination of the reference axis of
the laser beam with respect to the phosphorus-beam direction.
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on each side of the crossing point. All optical elements
and the power meter were sealed on a standard optical
bench. The latter mirror was positioned by reflecting the
laser spot back to its origin using the semitransparent mir-
ror already at the 45° position. The dye laser was then
mechanically positioned for maximum transmission of the
laser power, as monitored by the power meter through
these two diaphragms.

In conclusion, the following angular uncertainties are to
be associated with the above alignment procedure: 0.10
mrad due to the zero positioning of the goniometer; 0.35
mrad associated with the rotation at 45° of the semi-
transparent mirror; 0.10 mrad in the positioning of the
fixed mirror; 0.15 mrad in the positioning' of the dia-
phragms; 0.10 mrad in the positioning of the ion-beam
scanners; 0.15 mrad in the positioning of the dye laser,
and 0.035 mrad in the determination of the ion-beam
direction. Therefore the total uncertainty on the crossing
angle is expected to be 0.45 mrad, corresponding to an er-
ror in the laser wavelength at the resonance centroid of
0.19 A to be combined with the statistical uncertainty.

E. X-ray detector

In order to enhance the signal-to-background ratio it
was necessary to develop35 a fast low-energy x-ray detec-
tor capable of resolving the successive ion burst of the cy-
clotron, thus possessing a response time shorter than the
rf period of the cyclotron (83.2 ns in this case). This
detector also had to fulfill the following requirements: (a)
large solid angle and area, (b) 100% intrinsic efficiency at
low energy (~2 keV), (c) compact geometry in order to fit
adequately in the complex experimental setup discussed
previously, and (d) insensitivity to the EMI (radiated elec-
tromagnetic) noise induced by the cavity discharge (30
kV —10 ns) of the neighboring N, laser. After extensive
studies it appeared that all these requirements could be
achieved by a fast gas-filled multiwire counter using a
high drift-velocity gas mixture®® of Ar (80 vol %), CF, (5
vol %), and C,H, (15 vol %). These conditions corre-
spond to an electron drift-velocity of 0.07 mm/ns at
E/P>1V/cm~! Torr~!, where E is the electric field and
P the gas pressure. The measured energy resolution was
about 25% at 5.95 keV. A detailed description of the
detector has recently been published.>> We give here only
the essential features.

The detector we designed is a multiwire-multiplane
detector built from 14 anodic grids alternately piled up
with 14 cathodic grids. Each grid was composed of 20

FIG. 9. Time distribution (TAC spectrum) registered between
the x-ray detector ( ~2 keV atomic lines) and the cyclotron radio
frequency. Typical time resolution of 30 ns (FWHM) and 65 ns
(FWTM) can be extracted.

parallel goldplated tungsten wires of 20 um diam, spaced
2 mm apart and perpendicular to the x-ray incidence
direction. The anodic and cathodic wire planes were
spaced 2.5 mm apart.

The detector’s entrance window was a 6 um thick
(50 110 mm?) aluminized Mylar foil glued to the alumi-
num body of the detector by an electric varnish to ensure
grounding. An additional 29th grounded grid ended the
useful region of the detector on the opposite side to the
entrance window, ensuring a smooth electric field varia-
tion at the detector end. The 20 parallel wires of each
grid were soldered on a printed circuit made of epoxy
with internal dimensions of 40 110 mm?. The gas mix-
ture flowed within the detector at a pressure slightly
higher than 1 atm.

The usual high voltage applied to each cathodic grid
was —2.500 V. The signal was collected separately on
each anodic grid coupled to an incorporated individual
dual wire chamber discriminator hybrid circuit.

A typical time-resolution spectrum generated by a
time-to-amplitude converter (TAC) is shown in Fig. 9.
The start pulse was given by the counter detecting the 2.1
keV atomic x ray emitted by the phosphorus beam. The
stop pulse was derived from the cyclotron radio frequency
(RRF) properly scaled down to observe several successive

TABLE VI. The properties of interest to the background study.

X-ray Transition
Charge Initial atomic state energy lifetime

state (x-ray multipolarity) Final state (keV) (cm)
P14+ 2S1/2(2E1—M1) 1Sl/2 2.3 24
| 2'S0(2E1) 118, 2.10 17
23P,(M2) 1S, 2.14 8

_ 238,(M1) 118, 2.12 3200

piz+ 24Ps (M 2— Auto) 128, 2.11 4
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FIG. 10. X-ray signal (S) to background (BG) experimental
ratio as a function of the second adder-carbon foil distance (d)
to the laser-ion-beam interaction region. It is clear from this
curve that the recommended distance should be around 40 cm.

beam bursts. It is clear that the achieved time resolution
at 2.1 keV is better than the 83-ns rf period (time interval
between two successive peaks in the TAC spectrum).
More precisely, the measured time resolution was 30 ns at
FWHM and 65 ns at FWTM, in excellent agreement with
Christophorou et al. estimates.*

V. BACKGROUND STUDIES

By means of the well-known beam-foil technique, we
determined the optimal conditions for the production of
hydrogenlike phosphorus ions as compared to the other
charge states. Taking into account the total number of
the produced ions, these optimal conditions implied:>4—%’
(a) a beam energy of 87.1 MeV P* ions; (b) a first
stripper carbon foil C; (see Fig. 1) of 100 ug/cm? thick
producing the charge-state distribution P!2+=0.21,

P13+ =0.43, P**=0.26, and P!+ =0.040; (c) a second
carbon-adder foil C, of 10 ug/cm? (Fig. 2) upon which
only bare P!°* were made incident to give the final
charge-state distribution P2+ =0.08, P13+=0.31, P+
=0.44, and P+ =0.16.

With these conditions we favored the hydrogenlike
charge state as compared to the heliumlike and lithium-
like ions which emit background x rays of energy close to
the 2.3-keV Lyman-a x rays used to monitor the resonant
transition.

Moreover, in order to enhance the signal-to-background
ratio we had to choose very carefully the distance between
the second carbon-adder foil and the crossing point with
the laser beam. Table VI shows the properties of interest
of the background studies.

The optimum carbon-foil—crossing-point distance was
defined as the interdistance where the ratio of the two-
photon contribution from the 2s,,, level to the other x
rays was maximum. This was extracted from a total de-
cay curve by a special technique explained in Ref. 26.
From Fig. 10 it is clear that the crossing point should be
at about 40 cm from the adder foil.

VI. DATA ACQUISITION SYSTEM

The data acquisition electronics was very simple and is
detailed in Fig. 11. The fundamental device in this setup
was the laser phaser, whose functions have been previous-
ly described (see Sec. IV). The data to be analyzed were
time-to-amplitude spectra registered on a multichannel
analyzer (MCA). The phaser was fed by three signals: (a)
the cyclotron RRF signal in synchronization with the ion
beam bursts, (b) a near 50 Hz trigger signal in phase with
the ion-beam source of the cyclotron, and (c) the silicon
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FIG. 11. General scheme of the data acquisition electronics. It details the “laser controller” system.
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FIG. 12. Partial and typical time-to-amplitude spectrum
(TAC) between the x-ray detector and the radio frequency of the
cyclotron. This spectrum shows clearly the burst hit by the laser
tuned at Ay=5555 A, the predicted resonance wavelength. The
shadowed peak corresponds to an excess counting of 70% in
comparison to the other peaks (background contributions).
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photodiode signal which detects part of the laser light.
The phaser controlled, with these three signals, the op-
portune time for triggering the laser by taking into ac-
count the eventual drift of the light-output delay using the
RREF as an ideal structured-time reference.. The synchron-
ized output of the phaser triggered the laser by means of
an optical coupling (Hewlett-Packard optical coupler HP
2601) which protected the phaser from any EMI noise.
The phaser also delivered a “synchro-out” pulse- five
RRF cyclotron periods before the laser trigger was
delivered. This signal started a time-to-amplitude con-
verter unit (TAC) which was stopped by the x-ray detec-
tor signals. The TAC time range of 2 us allowed the ob-
servation of more than 20 ion beam bursts after the
synchro-out signal, and thus simultaneous and accurate
measurement of the background contributions in the ex-
periment (see Sec. V). The phaser also delivered a so-
called “veto” signal whenever the light pulse was more
than 2 ns out of phase, which vetoed the registration of
the whole time spectrum. Three types of normalization
were then applied to the data (background subtracted) at
the different laser light wavelengths: (a) the total beam
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FIG. 13. Integrated x-ray counting of 20 successive ion

bursts as a function of time after triggering the electronics
(synchro-out). Each point is separated from the next by 83 ns
(cyclotron rf period). The burst hit by the laser light shows an
excess counting of 70% as compared to the background (fitted
full line) (see text and Fig. 12 for more details).

current collected in the Faraday cup, (b) the mean laser
power monitored by the power meter, and (c) the number
of synchro-out pulses not veoted by the phaser, i.e., the
number of laser flashes accepted during the experiment.

VII. EXPERIMENTAL RESULTS

Figure 12 shows a time-to-amplitude spectrum limited
to 5 (of 20) successive ion bursts, where gne sees clearly
that the burst hit by the laser at Ay=5555 A has an appre-
ciable counting excess. Figure 13 shows the integrated x-
ray counts in each of the 20 successive peaks as a function
of the time interval separating these ion bursts (83 ns).
The burst hit by the laser light with the predicted reso-
nance wavelength shows a 70% excess number of counts
in comparison to the background contributions. These re-
sults demonstrate the performance of our experimental
setup.
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FIG. 14. Three resonance curves registered at similar experi-
mental conditions. They represent the induced x-ray counting
as a function of the laser light frequency normalized to the laser
power and the ion-beam intensity. The full curves correspond to
X? best fits with a Lorentzian shape (see Table VII for the ex-
tracted parameters). The curves have been normalized to 100.
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TABLE VII. Results of the X? best fits by Lorentzian shape of the three measured resonances. The
result of the first resonance is the previously published one, but corrected for a more accurate laser
wavelength calibration.

Calib. error

Resonance Centroid Stat. error Doppler effect (THz)
1 539.65 +0.23 +0.08 +0.04
539.41 +0.37 +0.02 +0.02

3 . 539.86 +0.65 +0.02 +0.02

Mean value

539.60(20) THz or 5555.8(2.0) A

Figure 14 shows the three resonance curves we register-
ed at similar experimental conditions. The full line curves
correspond to a X? best fit of a Lorentzian shape with
three free parameters (the amplitude, the width, and the
centroid). Table VII details the results of these fits, to-
gether with the contributions of the different uncertainties
(statistical error, Doppler effect, and laser calibration) dis-
cussed previously.

The hyperfine splitting of 3'P was estimated to be negli-
gible compared to the width of the resonance and has not
been taken into account in the theoretical line shape. The
mean value of the resonance frequency (AE —S) is
539.60(20) THz corresponding to a wavelength value of
5555.82.0) A and a precision of 3.5X107% Figure 15
shows a graphic combination of the three experimental
resonances for illustrative purposes only.

Using the experimental value of AE —.S one can deduce
S, the Lamb-shift contribution, and compare it with the
theoretical predictions of Erickson® and Mohr.!° Since
the fine structure AE is calculated differently by these au-
thors, two different values of S must be extracted from
our measurements before any confrontation with the
presently available calculations in the framework of QED.
Following Erickson’s calculations, we have
AE =559. 7067(232) THz with (AE —8)eyp=539.60(20)
THz, and Sexpt—20 11(20) THz. Following Mohr’s cal-
culations, AE =559. 7302(73) THz with (AE —S8)exp
=539.60(20) THz, and Sexpt—20 13(20) THz.- The

s
545 AE-S(THz)
15 S(THz)

FIG. 15. Graphic combination of the three experimental res-
onances displayed in Fig. 14. It only has an illustrative purpose:
no results were extracted from the X? fit.

differences between the theoretical and experimental
values are 0.43+0.20 THz for Erickson calculations, and
0.12+0.20 THz for Mohr calculations. The deduced
value of the Lamb shift is in agreement with Mohr’s cal-
culations, although slightly lower, and is more than two
standard deviations below Erickson’s estimate.

VIII. CONCLUSIONS

For more than 30 years great efforts have been devoted
to the measurement of the Lamb shift in hydrogen. When
the calculations of both Erickson and Mohr became avail-
able, the experimental investigations reached a high. de-
gree of sophistication. Beautiful experiments have been
carried out reducing the uncertainty to the level of 105,
This level of accuracy is indeed necessary to separate the
two existing theoretical predictions.

Our result is as follows: (i) in agreement with, although
slightly lower than, Mohr’s calculations, and (ii) more
than two standard deviations lower than the predictions of
Erickson. In Fig. 16 we display a comparison between
theoretical predictions and experimental values of the
Lamb shift in the Z =15—18 region. From this confron-
tation one may conclude that the experimental data dras-
tically diverge from Erickson’s calculations and agree to
some extent with Mohr’s predictions. In fact the data ap-
pear to exhibit some general trend of the recent Lamb-
shift measurements as compared to Mohr’s calculations,
indicating systematic deviations as Z increases. We de-
cided to investigate this systematic deviation in more de-
tail by extending the comparison to previous Lamb-shift
results in lower Z hydrogenic atoms. Thus Fig. 17 shows
in a semi-log plot the differences (D) between theory
(Mohr) and the experiment as a function of Z for many
atoms (Z =1, 2, 6,9, 15, 16, 17, and 18).*’=** Our aim in
this comparison is not to extract quantitative information,
although we have done a precise fit, but to essentially
show that this systematic trend observed in high-Z atoms
is also present at lower Z. For clarity we have omitted
representing the uncertainties of the experimental data,
which in most cases overlap with both Mohr’s and
Erickson’s values. On the other hand, only the most pre-
cise available data are displayed in Fig. 17. The Lamb
shift values in Li>* and O’* atoms are also omitted be-
cause they give a sign difference with theory.

One observes that the points represent a relatively
smooth curve as a function of Z. Thus, we fitted these
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FIG. 16. Comparison between theoretical and presently available experimental values of the Lamb shift. The full curve (Mohr)
and the experimental points display the differences with respect to Erickson’s calculations. The dashed curve is the difference be-
tween the predictions of the series expansion and Erickson’s calculations.
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FIG. 17. The differences (D) in GHz between Mohr’s calcu-
lations and the Lamb-shift experimental values as a function of
Z for many atoms Z =1 (Ref. 37), Z =2 (Ref. 38), Z =6 (Ref.
39), Z =9 (Ref. 40), Z =15 (present work), Z =16 (Ref. 41),
Z =17 (Ref. 42), and Z =18 (Ref. 43). The full line curve
represents the resulting X2 fit to these differences by a Gsg(Za)
type of function: Ao(aZ)’+A4,(aZ) + Ay(aZ) In(aZ)~? (see
text for details).

differences with several functions (with constant statisti-
cal weight on each point). These functions were of the
following general type:

AoaZ)+ A,(aZ) + A,(aZ) In[(aZ)?],

where one or more of the 4; coefficients were set equal to
zero. The best X2 fit is obtained when all coefficients 4,
Ay, A, are kept variable. We must recall that this func-
tion represents the interpolation function Gsg(Za) comp-
leted by the factorized terms displayed in Sec. IIC [Eq.
(6)] and in Table II. It has been used by Mohr to calculate
the self-energy contribution to the Lamb shift in hydro-
genic atoms where specific numerical calculations were
not performed. There seems to be thus a tiny but struc-
tured difference between Mohr’s calculations and the ex-
perimental values, suggesting a systematic deviation as a
function of Z in the numerical values for
Z =10,20,30, ... .

In order to investigate in more detail the general differ-
ence between experiment and theory, it seems to us im-
perative to extend the Lamb-shift measurement to much
higher Z atoms. Such an experiment in hydrogenic kryp-
ton (Z =36) has been proposed in Refs. 44 and 45.
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FIG. 7. Two time spectra (TAC) illustrating (a) the phase
drift (FWHM =24 ns) between the laser-light output and its
externally triggered signal and (b) the improvement
(FWHM =1.85 ns) when the laser is triggered by the “phaser
electronic device allowing almost a 90% temporal overlap be-
tween the ion and laser beams.

Channel



FIG. 9. Time distribution (TAC spectrum) registered between
the x-ray detector ( ~2 keV atomic lines) and the cyclotron radio
frequency. Typical time resolution of 30 ns (FWHM) and 65 ns
(FWTM) can be extracted.



