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Hyperfine interactions in few-electron fluorine ions recoiling in gases
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The nuclear deorientation of ' F(5/2~+, 197 keV) has been measured for highly stripped fluorine ions
recoiling in He, N„Ne, Ar, Kr, and Xe at 35 MeV and in N, and Ar at 55 MeV at gas pressures between
10 ' and 100 Torr. The nuclear alignment was found to decay quasiexponentially. The extracted nuclear
deorientation cross sections are interpreted in a microscopic ion-atom collision model. The dominance of
electronic charge-exchange transitions in producing the ionic states. of strong hyperfine interactions is
demonstrated. Collisional deexcitation of metastable states in heliumlike F is shown to contribute
significantly.

I. INTRODUCTION

The strong hyperfine interactions in multiply
ionized fast ions recoiling in gases have been ex-
ploited occasionally to measure magnetic moments
of short-lived excited nuclear states. ' For the
heavy nuclei chosen in most of these experiments,
the large number of charge and electronic states
populated in the ion-atom collisions required the
utilization of averages of atomic parameters such
as hyperfine fields and collision times in order to
interpret the measurements with a statistical mod-
el. ' This statistical analysis is unsatisfying in
that many questions are left unanswered concern-
ing which classes of collisions or t.ypes of atomic
states are important for the dealignment process.
The model has no predictive power to aid in the
choice of experimental parameters. For highly
stripped light ions traveling in gases, however,
the dominant electronic and charge states are few
and it seems possible to analyze the nuclear de-
orientation in a more fundamental way by consid-
ering the specific atomic configurations and colli-
sion cross sections involved. The relative impor-
tance of' charge-changing collisions versus inelas-
tic excitation and collisional quenching for the de-
orientation can then be determined, and some in-
sight into the important dealignment mechanism
can be gained. This work shows that the dealign-
ment can be qualitatively and quantitatively ex-
plained with a microscopic model based on colli-
sion cross sections, most of which have been mea-
sured in previous experiments.

In order to test the suitability of perturbed-angu-
lar-correlation (PAC) experiments of ion-atom
collision, studies we chose the collision systems
F He, N„Ne, Ar, Kr, and Xe at-2 —3 MeV/amu
where additional data from charge-exchange and
x-ray work are available. As a nuclear probe the

well-known -', ,', 128-ns excited state of "Fat 19'7

keV was chosen. In order to enable a comparison
with the single-collision x-ray and charge-ex-
change measurements we measured the nuclear
dealignment at low gas pressures under few-colli-
sion conditions.

In addition to the atomic physics aspects, sys-
tematic experiments of this kind are also impor-
tant in providing a practical basis for selecting a
gas environment in PAC measurements, where
the nuclear alignment in fast ions is preserved or
decays with a well-known time dependence.

In Sec; II a description of the experimental tech-
nique is given followed by the calculation of the
perturbed z-ray angular distribution in Sec. III.
Section IV deals with the properties of the mea-
sured dealignment cross sections. In. Sec. V the
nuclear dealignment and its pressure dependence
are interpreted in a micr. oscopic collision model.

A preliminary account of this work has been
given elsewhere. ' The collision system 15-MeV"0 in He has been studied in a similar PAC ex-
periment in the high-gas-pressure region by
Hagemeyer et al. '

II. EXPERIMENTAL TECHNIQUE

The —,,' state of "Fat 197 keV (r = 128 ns, g
= 1.443) was excited and strongly oriented by pro-
jectile Coulomb excitation of a "Fbeam. The
anisotropy of the 197-keV decay radiation was
measured as a function of gas pressure in a gas
cell traversed by the "F ions. Figure 1 gives a
schematic view of the experiment.

A ', F beam of 50 or 65 MeV from the Stony
Brook FN tandem accelerator is Rutherford scat-
tered by a gold-target foil (thickness 1.8—3.4 mg/
cm') into a cone centered at 40' to the beam direc-
tion. Part of the "Fnuclei are projectile Coulomb
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excited, strongly aligned, and polarized. ' The
scattered "F ions pass through a gas cell of 12 cm
length where the hyperfine interactions in the free
ions between gas collisions reduce the initial nu-
clear alignment, and are stopped in a copper sheet
which essentially preserves the residual nuclear
alignment until the p decay.

The 197-keV decay radiation was measured by
two large-volume Ge(l. i) detectors positioned near
the angles of maximum and minimum emission of
the unperturbed angular distribution in the scatter-
ing plane (at 100' and 5' with respect to the beam
direction; see Sec. III). The ratio r of both count-
ing rates, which is a measure of the nuclear align-
ment remaining after passage through the gas cell,
was recorded as a function of gas pressure.

Heavy lead shielding prevented projectile z rays
from "F ions scattered into all other solid angles
from being registered in the detectors. Typical
data-taking times were from 30 to 60 min for one
gas pressure at beam currents of -100-nA ' F".

The conical gas cell of 12 cm length was sepa-
rated from the accelerator vacuum by a 1.2-mg/
cm' Ni entrance window. Gas pressures between
10 ' and 10' Torr were measured with a capaci-
tance membrane manometer or a mechanical
gauge, and kept constant to 2' by a feedback-
controlled needle valve. The energy transfer to
the gold nuclei and the energy loss in gold target
and Ni window foils resulted in mean "Fenergies
of 35 and 55 MeV.

Figure 2 shows the anisotropy of the p-rays de-
duced from the counting rate ratio x for 35 and
55 MeV "F in argon (u/c=- 0.061, 0.079). An ex-
ponential decay of the alignment with increasing
gas pressure is clearly visible. It will be dis-
cussed in Sec. III.

III. PERTURBED y-RAY ANGULAR DISTRIBUTION

A. y-ray angular distribution

FIG. 2. &-ray anisotropy x-1 I.Eq. (2)I as function of
gas pressure.

W(8„$„f) =1+ Q A Q»G»(Cu)G (f)
P-" 2e4

x Pa„„Y„„(8„(/,).

e, N(8„y,) W(8„y,)

e, N( y8, ) W(8„$,) (2)

Q„G,G(C u) GCG(t)=1+co„G„(cu)G„(r)(1+(Q G (c ) ()
(2')

The lack of symmetry around the beam axis is
responsible for the occurrence of the general
spherical harmonics F~„ instead of the usual I e-
gendre polynomials. ' Odd-k terms resulting from
the nuclear polarization also produced in the Cou-
lomb excitation process are omitted because the
corresponding perturbation factors vanish for our
case of isotropic perturbations and polarization-
insensitive Z-ray detectors. ' A. ~ are the angular
correlation coefficients for the multipolarity E2
and spin sequence (-', - &) of our experiment (A,
= -0.535, A4= -0.617). Q» and G»(Cu) are solid
angle and copper attenuation coefficients, respec-
tively [G»(Cu) =0.75, G,e(Cu) =0.75 (Ref. 5)].

The statistical tensors a~„were calculated with
the Coulomb excitation code of %inther and de
Boer. ' 8„and p, are the detector angles in the co-
ordinate system of the a» coefficients. (8, = 8,
=90', $,=170', $,=75 in coordinate system 2 of
Ref. 8; see also Fig. 1 of Ref. 9.) The attenuation
coefficients G»(t) will be discussed in Sec. IIIB.

The ratio of counting rates for both detectors,
corrected for relative eff iciencies &] 2 can be
written to a good approximation

The angular distribution of the emitted y rays as
a function of flight time f, in the gas can be written From the statistical tensors a» of Eq. (1) for in-



8 YPERFINE INTERACTIONS IN FEW-ELECTRON FLUORINE. . . 1839

cident energies 50 and 65 MeV and 40' laboratory
scattering angle one calculates a=0.5 and 6 =0.25.
Therefore, x —1 measures essentially the pertur-
bation factor G»(t) or, for a fixed flight time and
varying gas pressure p, G»(p) (see Sec. IIIB).
From Fig. 2 it can be noted that the measured
G»(P) decreases exponentially with gas pressure
p, i.e. , with the number of gas collisions.

G„(J)= (CZ+ 1) ' P (2S'+1)'I
F

(4)

Equation (4) is valid for isotropic hyperfine inter-
actions. The hart]-core attenuation factors are in-
dependent of t and the strength of the hfi and de-
pend solely on I and the distribution P(J) of ionic
angula, r momenta J. Without gas collisions we
have therefore

PJG„J
J'

the actual flight path being separated in two uncor-
related parts I and II (target-entrance-window,
entrance-window-Cu stopper). The measured va-
cuum attenuation factor takes the form

GvCc(I) Gvcc(D) ' (5')

where P,(J) and P„(J) may be slightly different
due to different ion velocities (energy loss in the
entrance foil included) or foil materials. Com- .

B. Perturbation factors G„„(t)and G„„(p)

The perturbation of the nuclear alignment during
recoil in vacuum or gas arises from the magnetic
hyperfine interaction (hfi) al~I J between the mag-
netic moment of the excited nuclear state and the
ionic states, of angular momentum I and J, re-
spectively. For the ion velocities of the present
experiment the F ions exiting from the target or
gas-cell-window foils are predominantly in charge
states 9+ to V+." For the flight times between
target, gas cell entrance and Cu stopper ((t)= 1-5
ns) or bebveen gas collisions (10 ps' (t) S 5 ns) in
the pressure range of this experiment the nuclear
dealignment is caused by either ionic ground states
or metastable excited states of sufficiently strong
hyperfine structure (hfs). For these states in the
H-, He-, or Li-like F ions the interaction fre-
quencies

(d», ——[(alz gl)/(2h) ] [F(F+1) F'(F'+ 1)] —(3)

are large enough to make &zz, (t) & 2v, correspond-
ing to a large nuclear precession between colli-
sions. We neglect here any nuclear dealignment
during electronic deexcitation cascades in the ions.

The attenuation factors between collisions thus
reach their "hard-core" limit'

parison of measured vacuum attenuation factors
with calculated ones using measured charge state
distributions P(g) should allow the determination
of average metastable fractions (e.g. , 'S, in F")
produced in foil excitation. The lack of time in-
formation and the insensitivity of Gv»» to ur», make
this technique, however, less sensitive than time-
resolved plunger experiments. "

The calculation of the attenuation factor G»(t, p)
for gas collisions (flight-path part II) can be per-
formed with the existing theories of statistically
perturbed angular correlations. ' ' Whereas
the limiting case of high pressure ((diaz, v, « I, r,
being the correlation time of gas collisions) leads to
the well-known exponential relaxation of the nuclear
alignment and y-ray anisotropy (Abragam-Pound
relaxation' ), the calculations of G~~(t, p) for (d», 7',

~ 1 but not «1 are tedious and only possible nu-
merically, """except for the limiting case of
large t."

Guided by the experimentally observed quasi-
exponential decay of alignment (Fig. 2) in the few-
collision low-pressure regime of the present ex-
periment, one expects such a behavior to follow
in the hard-core limit of statistical perturbations,
i.e. , for w», v', & 2m betw'een collisions, where the
attenuation factor of Eq. (4) is inserted between
collisions.

Using techniques of ordering according to the
number of collisions and Laplace transformation"
it is possible' to derive the following approximate
expression for G»(t) in the case of hard-core gas
collisions:

G (t) Gvac&-r)1(' (6)

with G'„„"taken from Eq. (5) and r~ given by

ra= «~&.) [1+ '&a —'«c -4bc)"'1
with

~, = iln(fp)v(r,

~= g p(J,)~(i-j),

g = Q G „(J',.)W~, ,

bc= Q G»(J, )(W~, W(, —W. ,qW)~)G~„(J,). .

The above derivation of G»(t) holds for a system
of levels i), l j) with angular momenta J„J,, and
collision-induced transitions i j with cross sec-
tions o(i- j) and branching ratios

W„=~(i-j) g o(z- j).
v is the ion velocity and n(p) the gas density.
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Whereas o(i '-j), i 0j describes a transition be-
tween different ionic states ~J,), ~d&), o(i-i) is
used to include "spin-flip" transitions with 4m~,
& 0 within the same state

~
J;).

Explicitly one has the following pressure depen-
dence of G» for a fixed flight time i= d/v, d being
the gas cell length:

G,„(p)= G,"„"exp{-n(p)do [I+2a, —g(a'„—4b,)'~'])

1.4

1.2 '

1.0-

1.2-

1.0;
1.4-

102

F Kr
35 Mey

I

F~Ne
35 Mey

F~He

35 Mey

Gvace-p/ py»

(8)

(8')
1.0 .

'0.01 0.1 0 1.0 0 10.0

Gvace-&/ &y» (8")

P~ and N„( at oms /cm') are the pressure and target
thickness, respectively, for alignment G»'e '.

As in the Abragam-Pound case of small nuclear
precession between collisions, t'he opposite limit
of large precession leads to an exponential decay
(quasirelaxation) of the alignment with time. The
decay constant x~ is, however, independent of the
strength of the hfi. The two experimentally' ob-
servable quantities, G»' and x~ (or p~, N~), con-
tain averages over ionic state distributions P(J:,.)
and individual cross sections o(i -j) for ionization,
charge exchange, excitation, and quenching or
spin-flip processes. Even for a small number of
participating levels it is not possible to deduce
individual o(i j) from the data even when addition-
al information on most of the cross sections (like
charge exchange or ionization involving ionic
ground states) is availame. It is, however, pos-
sible to deduce average quantities of interest like
magnitude of quenching or excitation cross sec-
tions involving metastable levels as will be demon-
strated in Sec. V.

JV. Z AND v DEPENDENCE OF NUCLEAR DEALIGNMENT

The measured gas-pressure dependence of the
counting rate ratio x is shown in Figs. 3 and 4 for
the collision systems 35 and 55 MeV in He, N„
Ne, Ar, Kr, and Xe. The full curves are least-
squares fits using the function of Eq. (2') and the
attenuation factor G»(P) from Eq. (8). The small
correction term containing G«(p) was included ap-
proximately by using a numerical relation between
G.,4 and G», roughly valid for magnetic hyperfine
interactions [G«= nG»+ (1 —oI)(G») v with o.'= 0.5,
II =4-8]. The influence of n and II: on the results

- of the fits was smaller than the statistical errors.
The results obtained for the initial anisotropy a'

and for the characteristic decay cross section S
= I/X, are given in Table I. From Eq. (8) it i'ol-
lows that;

p [Torr]

FIG. 3. Counting rate ratio ~ as function qf gas pres-
sure for F- He, Ne, Kr, with fits obtained with the
function of Kq. (2").

weighted with a factor that describes the average
influence of a collision of the Z-ray anisotropy,
governed by hard-core attenuation factors G»(J)
and branching ratios to states

~
J).

The dependence of S on the target Z is shown in

Fig. 5 for 35 MeV incident F energy. There is a
strong monotonic increase with Z except for the
anomalously low Xe value. A comparison with
measured electron-capture cross sections for F
-Ar, Kr, Xe at 35.V MeV,"which show the same
increase and anomaly, suggests the importance of
charge-exchange processes in populating the ionic
states relevant in the present experiment.

The decrease of 8 with ion velocity (see Table I,
35 and 55 MeV values) is consistent with the
strongly decreasing capture cross sections for I"

in N, (Ref. 16) and Ar (Ref. 17) although an addi-
tional weak velocity dependence arises from the
change in the angular momentum or charge state
distribution with velocity.

1.2—

1.0;
I

F- Xe
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10-—
I I I I I I I I I I I I I I

VI MICROSCOPK MODEL OF NUCLEAR DEORIENTATION

The charge state distributions P(g) =(Q„IP„ItI„
Q,) of F ions entering the gas cell after passing
through the entrance window can be estimated" to

I

S= o(l+ —,'a, —2(a,'—4b, )'~'. 0.01 0.1 0 1.00 10.0
p[Torrj

S is therefore the average collision cross section - FIG. 4. Same as Fig. 3, for F Nz, Ar, Xe.



TABLE I. Zero-pressure anisotropy a' [Eq. (2")], characteristic pr e«'sure p» [Eq. (8')], target thicImess K2 [Eq.
{8")],and deorientation parameter 1/N~ obtained from-fits and model calculations.

Case Z, (MeV) p2 (Torr) X2(10" cln-2)
Measured

]/P . (10-18 2)
Ca J.culated

Ca~p R Case b abase ('

N2

N2

Ne
Ar
Ar
Kr

35
35
55
35
35
55
35
35

0.29
0.25(3)
0.39(2)
0.33(2)
0.2V (1)
0.40(3)
0.29(2)
0.26(2)

V.6(10)
0.36(V)
2,65 (36)
0.81(13)
0.260(25}
1.08(16)
0.156(12)
0.211(35)

3.5(4)
0.16(3)
1.21(16)
0,37 (ij)
0.12(1)
0.49(V)
0.0V(6)
0.10(2)

0.28(4)
6.2(13)
0.8;:3(11)
2.v(4)
8.5(8)
2.0(3)

14.1(11)
10.4(17)

e ~ e

0
0.43

~ me

1.3
4.8

~ ~, e

0.77
~ a e

22.
6.3
57

0 ~

1.3
o s o

6.3

11.7

Kept fixed.
"P(7*)=-0, g;7 ——0.
'P(7~)=-P(7), E =0.5, 0787 —0.

P(7*)—P(7), ~. -" 0.5, cr&+7 —2o.7~8.
'Charge exchange cross sections not availabie.

be (0.56, 0.35, 0.09, 0.00) at 55 MeV and (0.12,
0.48, 0.36, 0.04) at 35 MeV. Although (P) will be
lowered by the capture processes in gas we con-
sider only ba, re H-, He-, and I i-like ions. In ad-
dition to the ionic ground states w'e include the
metastable 'S, state of F" in the P(J, ) distribu-
tion because metastable states are strongly popu-
lated in beam-foil excitation. " Other excited ion-
ic states are not considered here because either
they a,re too weakly populated (e.g. , the potentially
important I'~ state of the F"' is at most populated
a few percent of the 0.04 charge fraction, and was '

neglected), or too short lived to cause appreciable
nuclear deorientation ('P„etc.), or because they
have the same J; and G»(J, ) as the ground state
(2 'S,&, of F", "S, of F") or their hfi is too weak
to perturb the nuclea, r al. ignment in the time scale
considered here. In 'view of the small number
(two) of experimentally determined parameters it
is necessary to keep the number of model levels
at a minimum.

The calculation of G»(p) from Eq. (8) was per-
formed in the five-level model with the level
specifications given below:

i6): F", 2'S„,; J=-,'. , G„=0.833,

644 =- 0.444;

7) F" (ls)"S (1s2s) 'S ' J= 0

622= O„= I. ;

i
V*): F", (1s2s) 'S, ; J=1, G»=0.609,

t"~4= 0.156;

i
8): F", 'S„i,, J= 2, G,,= 0.833,

tors for I = &- and J specifi. ed above, calculated
from Eq. (4). For these levels and the pressure
range of oux, ' expex'lxnent tile hard-core condition
&~„,7', ~ 2m' is always fulfilled.

The counting rate ratio x at zero pressure IEqs.
(1) and (2) with G» taken from Eqs. (5') and (5)]
contains the J distribution P(J,), i =. 6, 'f, 'f'.

, 8, 9.
Owing to the uncertainties i.n the perturbation fac-

. tors G„,(cu) and charge state distributions, the
metastable fractions P(7*)/fP{7)+P('t )j cannot be
extracted very accurately. Fractions of 0.5 + 0.3
(Refs. 9 and 11) are consistent with the fitted avn-
plitudes a' (Table I) for 35 and 55 MeV incident
energy. The 55-MeV i.nitial anisotropies are
larger than the 35-MeV. values because of the
larger fraction P(9) of F"with zero hfi; the weak
energy dependence of the Coulomb excitation ten-
sors c~„ in Eq. (1) contributes little.

The corresponding colllslon cx'oss sections
g(t j) can be divided into the groups (a) single-
or multiple -electron capture: 0'98 ~ 0'87 ' p 0'p7 p cT7g6 ~

o'76', @97, etc. j (b) ionization: o'67, o;,~, &7*8, o89i
o„.„, etc. , (c) excitation or deexcitation (quench-
ing): o„«, v, ~„etc., (d) "spin-flip" proce:ses.

35 MeV F.~Z

:10-

G,~ = 0.444;

~9&: F "; J=o, G„=G„=1. 0
10

I

30 50
z

The factors 6» are the hard-core attenuation fac-
/

PIC. 5. Z dependence of deorientation parameter 1/N2.
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or reorientation: 2T«, etc. , with 2222&40, (e) high-
er processes: ionization or capture accompanied
by exc'itatlon~ etc.

Single- and Dlultlple-charge exchange or lonlza-
tion cross sections are known for most of the col-
lision systems studied here. "'"" Whereas these
published capture cross sections include capture
into excited states (e.g. , 0„,,„), the corresponding
loss cross sections are assumed to represent elec-
tron Joss from the ground states only.

For the five-level system, $.2 of the possible 25
C011181011CI"OSS Sections (2 ~ g) Rl"6 knowll fl'0111

charge-exchange work~ «7: 0'67+ 0'67+ o'68 0'69 0'76

+vs' +79' +86 y 87 87 + 0 +89& 96 & 97 + 97 +9 98'
small strength of spin-dependent interactions con1-
pared to Coulomb interaction for the fast colli-
sions encountered in the present experiment sug-
gests neglecting the spin reorientation cross see-
tlol'18 IT8„, 2T,;-g. ,:, g2 I266 (wltll IT99= IT»'= 0) against 1011-
ization or caI~ture cross sections. The same argu-
ment leads to a. negligibly small expected singlet-
triplet excitation c oss section 2T»~= P22„with P

As model parameters we chose the ratio 6=2T„~/
(0"~~2 + 2282 g) '

(T92 +/((T92 + (T92 g) Of 616Ctl 011 CRptul 6 lllto
F"('S,) to ground-state capture and the ratio n
= 2T, ~,/2T, ,~„of 'S, quenching to ionization. Finally
We Se" O'67~ 2O'78~ ~7+6 = &Osv~ O'7+8 O67~ O'7+9 O'68

because of tile 8111lllarlty of tile pl ocesses 1nvolved
the factors 2 arising from statistical arguments.
TI1ese approximations are ]ustified by the large
( 30/o) quoted errors of the charge-exchange cross
sections of Refs. 45-1V.

The decay constant of the y-ray anisotropy I/N,
obta, ined from the experiment (see Table I) can
nom b'e reproduced by the set of collision cross
secti.ons given above, with the capture ratio e into
the heliumlike 'S, state and the quenching ratio P
=2T, +,/222+, chosen Rs parameters. For o(i-i) =0
(no spin-flip processes) one obtains from Eq. (V)-
(3')

j./2V
= O' I — ' Q G ~~(J~ )G22(J;)WI IWI I22 g 22' j jj

(10)
with O=Z, ,P(J;)2T(i-j). I/N, was calculated for
three sets of parameters: {a) 'S, state not in-
cluded: P(V*) = 0, and cross sections populating
this level are assumed zero. (b) 'S, state included
with P(V*) = P(V), & = IT82~/(22„2+ 2T82g) = g, but o, g, = 0

(no quenching included). (c) Same'as (b), but
quenching included with o,~7= 2crv~s. In a,ll cases
spin-flip processes (2T, „2T„~)are neglected.

The results of the calculations a.re given in Table
I. It can be noted that the calculated deorientation
cross sections I/N for case (a) (no metastable
states included) are significantly smaller than the
measured values, even when the uncertainties of
the charge state distribution and charge-exchange
cross sections are taken into consideration. Case
(b) {'S, state included; no quenching) seems to re-
produce the higher-energy data (55 MSV) whereas
it still results in too small a deorientation for the
35-MeV data. Variatior~ of the 'S, foil excited
fraction and of the 'S, to 'S, capture ratio ~ ean ac-
count for a part of this additional deorientation
only. The most likely process increasing the col-
lision cross section is 'S, to '8, deexcitation
(quenching). The magnitude of 2T, ~, required to
reproduce the 35-MeV data [2T,~, = (3-4)2TT~, or
(3-4)o'62] does not seem unreasonaMe (cf. Hefs. I
and 19 for large metastable quenching cross sec-
tions in fast He- gas collisions). In view of the
various assumptions underlying the present colli-
sion model (e.g. , relations between some of the
unknown cr, , involving charge exchange from or to
the 'S„ level) it is not reasonable to quote 8, more
precis, e number for crv~v a.s could be obtained from
a fit to the data.

It has been demonstrated that the phenomenon of
nuclear deorientation in fast, few-electron ions
traveling in low-pressure gas can be understood
qualitatively and quantitatively in a model which
uses collision-induced cross sections between a
small number of ionic states as parameters.
When supplied by additional data from direct mea-
surements (e.g. , charge-exchange, x-ray, or
Auger data) the present technique may comple-
ment these techniques in ga.ining information on
fa.st ion-atom collision phenomena, specifically
processes involving population and destruction of
metastable states.
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