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Induced nuclear spin polarization P by hyperfine interaction following passage of 0.5 uA
300-keV beams of '>)C*, BC*, and "N* through single tilted carbon foils yields
| P | =(0.4+0.8) %, (3.240.6) %, and (5.7+0.9) %, respectively. The nuclear polariza-
tions were enhanced by passage through two tilted foils, and the sign of the polarization
flipped by a simple flip of the foil direction with respect to the beam direction. From
quantum-beat measurements with circularly polarized light, experimental quantum beat
frequencies ©=6790+570 and 747+62 MHz for the unresolved 6578-6583 A doublet in

CII, and (5667 A)= 2860+240, (5680 A)=

4810+40 MHz in NII are determined.

NUCLEAR REACTIONS Beam-foil interaction C('>BC, 213Q),
C(™N, N), E=0.3—0.4 MeV; measured optical CP and quantum
beats. Deduced nuclear P.

I. INTRODUCTION
The nuclear-spin polarization! of heavy ion
beams is a subject of current interest. In this paper,
a simple method is presented to induce nuclear-spin
polarization of a beam of carbon or nitrogen ions at
300 keV by just passing the beam through a tilted
carbon foil (see Fig. 1).

Excitation of an atom by collision through a foil
leaves it generally in an anisotropic state. Light
emitted in the subsequent decay manifests this an-
isotropy through its angular distribution and polari-
zation. (In the present investigation, polarization is
detected by observation of emitted circular-
polarized light perpendicular to the beam.) In gen-
eral, if a beam passes normal through a foil, only
alignment of the excited atoms of the beam is possi-
ble, but by tilting the foil, the broken axial symme-
try results in strong angular-momentum orientation
of the electrons. In this remarkable process, despite
the rough final surface of the carbon foil, the atom
senses an average tilt, and the electrons receive an
asymmetric net impulse.

The transfer of the polarization or alignment
from the atomic electrons to the nucleus takes place
along the beam path from the internal magnetic hy-
perfine interaction of the atom itself. Recalling
that the total spin F=T1+7 is a constant of motion
(T is the electronic angular momentum, and Tis
the nuclear angular momentum), since {(J)- oscil-
lates in time [see Ref. 5 and Eq. (2)], the oscillations
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of (J) must reappear as a nuclear polarization (I )
(for I-£0), oscillating 7 out of phase with (J).
Thus, the induction of nuclear-spin polarization by
the hyperfine interaction follows a collision, which
aligns or polarizes the electrons rather than the nu-
cleus itself. The nuclear polarization (see Fig. 1) is
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FIG. 1. Schematic experimental arrangement of pro-
duction and detection of nuclear-spin polarization by
beam-foil passage through a tilted foil: The atom is
partially polarized after passage through the (first) tilted
foil. The atomic polarization is detected by the emitted,
circularly polarized light perpendicular to the beam
direction. Along the beam path, the nucleus is spin-
polarized through the magnetic hyperfine interaction of
the atom itself. This nuclear polarization is detected
after beam passage through a (second) perpendicular foil
again from the emitted circularly polarized light.
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determined by intercepting the beam with a second
(perpendicular) foil, which realigns the atomic elec-
trons so that the subsequent emission of circularly
polarized light must come from the retransference
of the nuclear-spin polarization back to the atom.

Polarization was described theoretically for nu-
clear orientation by Alder* and later for noncylin-
drically symmetric atomic-collision processes by
Fano and Macek.” (Also, see authors in Refs. 6 and
7.) Atomic polarization by beam-foil interaction
was first observed experimentally by Berry et al.? in
1974. The transfer of such polarization to the nu-
cleus for a 300-keV beam of '3C and *N via hyper-
fine interactions was demonstrated by Andri et al.,’
using grazing-incidence scattering of the beam. To
achieve nuclear polarizations at higher energies,
beam-foil techniques were introduced by a number
of authors,'” mainly to induce polarization of nu-
clear excited states at high recoil velocity (~350
keV/A). Enhancements of nuclear polarization in-
duction have been reported by Winter and Andri?
with multigrazing surfaces and by Goldring? with
multifoil arrays.

The present investigation!! was made at energies
between 300 and 400 keV, around the original beam
energy used in the grazing-incidence experiment, to
determine first and foremost whether indeed a nu-
cleus in its ground state can be polarized to a siz-
able extent by a beam-foil interaction. The 3C and
5N were chosen for this work since both nuclei
have nuclear spin %; this greatly simplifies determi-
nations of the quantum-beat frequencies involved
(thus determination of polarization-transfer dis-
tances) for cross terms from hyperfine interactions
(quadrupole, etc.) are absent. The '2C nucleus util-
ized has nuclear spin zero; it cannot be (nuclear) po-
larized and thus serves as a calibration probe of the
method. This article shows that after enhancement
through multiple (two) carbon tilted foils, up to
10% of the transmitted '*C and >N beam have nu-
clei which are polarized, and the sign of this polari-
zation can be reversed by a simple flip of the foils
with respect to the beam direction.

II. MATERIALS AND METHOD

The carbon and nitrogen ions were produced in
the Aarhus 600-keV accelerator and excited by pas-
sage through carbon foils. These foils were of 10-
pg/cm? thickness, set at either a 30° or a —30° an-
gle to the beam direction (see Fig. 1) and mounted
on a movable drive. (The direction of the tilt deter-

mines the sign of the atomic or nuclear polariza-
tion; the absolute magnitude of the atomic orienta-
tion monotonically increase with normal-to-the foil
tilt angle. The 30° angle is usually referred to as a
60° normal-to-the-foil-surface angle.) The carbon
foils were made by an ethylene/argon mixture,
which was cracked in a glow discharge.”>? A
“Kinderman” plate!® was first coated with a 20— 30
ug/cm? layer of sodium chloride and masked with
space for several 12-cm diameter holes. At 10~ 5-
Torr chamber pressure, the 10% argon and 90%
ethylene mixture (total pressure 7.5X 102 Torr)
was admitted and cracked at —2.5 to —3 kV
cathode voltage and glow-discharge current density
1.6 mA/cm? for 3—4 min to give a layer of
10— 15-ug/cm? carbon film. The carbon film was
covered with collodium, floated off on water and
mounted on frames having 8-mm diameter holes.
When these foils were irradiated with 0.5-uA,
300-keV carbon or nitrogen beams, they often lasted
for several hours compared with the ~ 10-min life-
times of commercial foils at this energy. Our foils
are still nonuniform in quality and lifetime; their
breakage remains somewhat of a nuisance at low
energies. However, at higher beam energies (8
MeV), their durability improves; some of our foils
have lasted for more than 48 h due to the lower
atomic stopping in the carbon at these higher ener-
gies.

The polarization of the emitted optical radiation
in a direction perpendicular to the beam and paral-
lel to the foil tilt axis was determined with a rotat-
ing quarter-wave plate followed by a fixed linear
polarizer (see Fig. 2). The phase plate was mounted
coaxially between a lens system focused on the
beam. The light was dispersed with a McPherson-
218, 35-cm monochromator and detected with a
cooled photomultiplier of type EMI 6256QS for ni-
trogen and EMI 9863QB for carbon. The entrance
slit of the spectrometer was set parallel to the tilted
foil for quantum-beat determinations to maximize
coherence in the measured emitted atomic radiation
and narrow enough to resolve the beat. Average po-
larizations were measured with the slit set either
parallel or perpendicular to the beam. A light guide
was mounted below and downstream from the
target-foil assembly to provide count-rate normali-
zation in order to offset any systematic errors due
to the beam fluctuation or deterioration in the foil.
The 300-keV beam of C* or Nt was kept at
currents below 0.5 pA during runs with single foils
to avoid foil damage. In runs with multiple tilted
foils, the beam energy was increased to 400 keV to
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FIG. 2. Schematic experimental arrangement to
measure the emission of circularly polarized light from
an atomic beam passing through a tilted foil.

compensate for energy loss through the foils.

For the quantum-beat determinations of the
5667-A and 5680-A lines in N* (N11), the slits of
the spectrometer were set at high resolution (~2 A)
(see spectra in Fig. 3). However, most determina-
tions were made at lower resolution (above 20 A)
with the full lines for both the 2s23s2S-2523p2P
multiplet in CII and the 2522p3s°P-2522p3p>D mul-
tiplet in NI11 (see Table I, which lists the com-
ponents of these multiplets).

The circular polarization of these lines was deter-
mined by rotation of the A/4 plate through 360° at
18° intervals by a step-motor drive. Quantum-beat
measurements were done with the phase plate set at
an angle +45° with respect to the axis of the linear
polarizer and at equidistant points downstream
from the foil (corresponding to a total distance of 2
cm) via a movable carriage governed by another
step-motor drive. The spectra and background were
stored automatically in a NORD computer, and the
step-motor drives of the phase plate and movable
carriage were electronically controlled.

The circular-polarization parameter S/I was
measured; the relative Stokes parameter S /I is de-
fined

_1Ilc7)-I(c*) 1)
I(c™)+I(0*) ’

where I(o0~) and I(o%) are the intensities of the

right-handed and left-handed circular-polarized
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FIG. 3. The components of the 252p3s’P
-2522p3p3D multiplet in N* (NII). The arrow indicates
the spectrometer settings at high-resolution observation
of the components.

TABLE 1. Multiplet components and their theoretical
intensities I in LS coupling.

A A) I
CII, 2s235s28-25%3p%P
Jo=7 J=% 6578 100
1 1
5 3 6583 50
NII, 2522p3s3P-25s22p3p°D
Jo=1 J=2 5667 54
0 1 5676 24
2 3 5680 100
11 5686 18
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light in the optical convention, respectively. Atom- the foil was (were) calculated from the measured
ic polarizations were least-squares-fitted as a func- I(a™), I(07™) curves which were computer-fitted to
tion of the A/4 phase-plate angular settings to a a sinusoidal function times a decaying exponential,
sinusoidal function® on a computer. The quantum and the beat frequency was extracted after account-
beat(s) as a function of the relative distance from ing for the beam velocity (energy).

III. THEORETICAL CONSIDERATIONS

Fano and Macek® give the time dependence of the polarization (or alignment) S 1‘}‘ )(#) of the radiating atoms
after collision through a tilted foil, averaged over nuclear spin states, as

(2F' 4+ 1)(2F +1) ’

(21 +1)

F' F k

SiP(D=8 2 pp Tl

coswppt , (2)

where S}k) represents a reduced electron matrix element, whose value is determined by initial conditions such

as the amount of orientation obtained at foil exit, and k =0, 1,2 characterizes the population (monopole polar-
ization), the orientation (dipole polarization), and the alignment (quadrupole polarization), respectively. The
factor multiplying S+* is unity at ¢ =0 and represents a periodic loss of polarization for k =1 (and loss of
alignment for k =2). Thus, atomic polarization can be observed by perpendicular emission of time-
modulated, circularly polarized light of the excited atoms.

Since the electron angular-momentum polarization is partially transferred to the nucleus as a function of
time after the collision process under the influence of the hyperfine interaction (F is a good quantum number),
the nucleus is also polarized. This time dependence of the nuclear polarization (or alignment) M}¥(z) has also
been calculated by Fano and Macek and is given by

MMy 1) ~HEL R T F G T feosorst 3
l

where the same modulation factor coswg gt as in ple, could determine the point of maximum polari-
Eq. (2) appears, and M{¥, a reduced nuclear matrix zation transfer to the nucleus. When the hyperfine
element, replaces the previous electronic matrix ele- interaction has the simple magnetic form of AI-J,
ment. the quantum-beat frequency takes the form

The transfer of orientation (alignment) from the
electrons to the nucleus (the relation between Si* opp=(A4/28)[F'(F'+1)—F(F +1)], )
and M, I(k)) is discussed by Fano and Macek [see Ref.
5, Egs. (30)—(39)]. The nuclear polarization can be where A is the magnetic hyperfine constant. For
calculated from the measured atomic circularily po- resolved (spectral or time) components in 3C and
larized light via the transfer coefficients B (k) given 5N, an experimental 4 can be defined, which also
later in this paper [see Egs. (6)—(8)]. The atom and obeys Eq. (4) since these nuclei have nuclear spin -;—
nucleus beat with the same frequency wpr but m and cross terms from hyperfine interactions are ab-
out of phase with each other. In the transfer pro- sent. For example, for the spectrally resolved
cess to the nucleus, all oriented atomic states take 5667-A component in >N, 4 has the value
part, including optically unobservable ground P 2%
states, which may have large polarizations. The A(5667)="—w(5667) , (5)
amplitude of transferred polarization is also a com- 5
plicated time-dependent function of the decaying and for this case and the 5680-A component in °N,
excited atomic states. the quantum-beat pattern consists of a single fre-

The transfer of atomic polarization to the nucleus quency. Equivalent experimental magnetic hyper-
can be observed as quantum beats in the circularly fine constants for each of the components of the
polarized light emission as a function of distance doublet 6578-6583 A line in *C can be defined
along the beam path after the foil. The complete similarly. In '3C, resolution of the doublet could

knowledge of quantum-beat frequencies, in princi- not be achieved with reasonable counting rates, and
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due to this lack of spectral resolution, the experi-
mental quantum-beat pattern consists of two fre-
quencies.

In principle, the average nuclear polarization can
be determined from one of two different experimen-
tal approaches: either by measurements on nuclear
properties (or radiations), or by measurements on
atomic properties (or radiations). A direct measure-
ment of nuclear polarization would require a suit-
able nuclear reaction from which, for example, the
asymmetric B decay of the reaction product is
determinable. The constraints are too severe with a
beam of low-energy carbon and nitrogen 15 and
direct nuclear measurements were ruled out. In-
stead, an indirect method, based on the effects from
retransferring the nuclear polarization back to the
atom, was utilized (see Ref. 9). However, due to the
small (re)transfer coefficients involved, this indirect
method has the drawback that the measurable ef-
fects from emitted circularly polarized light are

S/I=—(3/2)"*XI0) /I XB(k =1)XB~\(k =0)

with

- 2|1 1 k ||F F k
B(k)=Zp(2F +1) JI I\ 17/

The S/I from the double-foil measurement is thus
directly proportional to the nuclear fractional polar-
ization Ipy'"/Ip,'®. From this, the degree of nu-
clear polarization

Pr=[(I+1)/311'1,) /T, 8)

can be calculated. In principle, quantum beats after
the double foil can also be determined, but for this
measurement, the counting rates were too small.

A further idea may be used to enhance the polari-
zation.? This is simply to pass the beam through a
sequence of several tilted foils. If the tilted foils are
placed at distances corresponding to the maximum
polarization transfer to the nucleus, one can build
up the effect. The problem of enhancement is ex-
perimental because the quantum-beat frequency
corresponding to this maximum transfer point may
arise from the hyperfine splitting of unknown states
(for example, a nonradiative ground state or an
unobserved excited state). Furthermore, at low
beam energies (300 keV) due to beam-current at-
tenuation and increased chance for foil fracture
with the increased number of foils, the application
of a tilted, multiple foil technique is limited. In this

F F k
J I

small. Nevertheless, the effects are observable and
require minimal simple equipment.

With the optical-(atomic) method, the average
nuclear polarization was determined from the
amount of circularly polarized light emitted from
the beam after transmission through two foils, a
tilted foil followed by a perpendicular foil. Recall
that if the beam is sent through a foil at normal in-
cidence, only the k =even terms occur in Eq. (2); no
atomic polarization or circularly polarized light em-
ission is possible. However, a nucleus, which has
been polarized by a tilted foil, will transfer back this
polarization to the atom even after disorientation of
the electron shell in the perpendicular foil. (Noth-
ing happens to the polarized nucleus during the
10~ s transmission time through the foil.) Circu-
larly polarized light emission after the perpendicu-
lar foil is a manifestation of retransferred polariza-
tion to the atom from the nucleus. The nuclear po-
larization can be calculated from (see Ref. 9)

(6)

(7N

[
study, only a sequence of two tilted foils was util-

ized to enhance the effect.

IV. RESULTS AND DISCUSSION
A. Atomic polarization

Figure 4 displays atomic polarization of the
5667-A line in NI after passage of a 300-keV >N
beam through a single tilted carbon foil. Note that
the initial foil polarization is slightly higher than
the computer-fitted average, but that the
equilibrium-polarization amplitude is stable. In
fact, angular position 57 corresponds to a foil life-
time of 2 h. The sign of |S/I| reverses (a 7 phase
change in the display of the circular-polarization
maximum with respect to the linear-polarization
direction) with a flip of the foil from a positive to a
negative tilt angle with respect to the beam direc-
tion. This is displayed in Fig. 5 with the similarly
polarized 5680-A line (see Ref. 8 for sign conven-
tion).

After passage of 300-keV beams of >N and 3C
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FIG. 4. Atomic polarization displayed as intensity of
emitted, circularly polarized, 5667-A light from NII as a
function of the A/4 wave-plate angular setting with
respect to the linear-polarization axis. It corresponds to
an |(S/I)| average of 12.6+0.7%.

through a single tilted foil, the average measured
value of atomic polarization of the 5667-A line in
N1t |S/I|xy=10.6+0.6%, while for the 6578-
6583-A doublet in CII, the average measured value
of |S/I|¢c =43+0.4%. With such large atomic
polarizations, it was possible to measure the atomic
beat pattern at positions downstream in order to
have a rough idea of the transfer distances needed
to polarize the respective nuclei.

As expected, the beat pattern from the 5667-A
line in >N consists of a single frequency (see Fig.
6), whereas the 6578-6583-A doublet in 1C has a
pattern composed of two independent frequencies
(see Fig. 7). The measured computer-fitted
quantum-beat frequencies (calculated for beam en-
ergies 240 keV, after corrections for atomic stop-
ping in the foil), and their corresponding magnetic
hyperfine constants as defined by Eq. (4), are listed
in Table II for the two possible frequency assign-
ments of the lines in the unresolved 6578-6583-A
doublet in '3C as well as for the resolved lines in
5N. The experimental ratio of low frequency to
high frequency quantum beat amplitudes from the
unresolved 6578-6583-A doublet in 3C is 1.2+0.3.

In the carbon case since the 6578- and 6583-A
lines are components of a single state based on a
one-electron configuration, the A factors cannot
depend upon atomic spin-orbit mixing or departure
f;rom the LS limit. Furthermore, with nuclear spin
+» the A4 factor will also not depend upon hyperfine
interactions other than the magnetic dipole. For
such a single-electron case, it can be shown!* that
the A factor for both j=I +% and j =/ —% results
in the simple expression
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FIG. 5. (a) 5667-A line. Atomic polarization
displayed as intensity of emitted, circularly polarized
5680-A light from NII as a function of the A/4 wave-
plate angular setting with respect to the linear-
polarization axis. (b) 5680-A line. Same as (a) except
that the tilt of the foil is flipped to a negative tilt angle
with respect to the beam direction, resulting in reversal
of the sign of |(S/I)| in comparison with (a). The
function used to computer fit the data, given in Ref. 3,
is symmetric about the sinosoidal axis; the lack of sym-
metry in the fit indicates a poor quantitative fit. The
curves are included mainly to illustrate the unambiguous
7 change of phase with foil flip.

1(1+1)
jG+1’
where a,; is a constant, n is the principle quantum
number, / is the orbital quantum number, and j is
the total electronic quantum number of the electron.
Thus, from Eq. (9) one finds for the 2523p2P config-
uration in Cn the ratio of 4 factors of the 6583-A
to 6578-A components of the measured multiplet

A(6583,j,)  j1Gii+1)
A(6578,j;)  j(j,+1)

which for values j, =% and j, =% yields a theoreti-

Anlj =ap 9)

(10)
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cal A factor ratio of 5. For the assignments
©(6578)= 6790+570 and w(6583)= 747462 or
@(6578) =747+62 and w(6583) =6790+570 MHz,
the experimental 4 factor ratio is 0.22+0.04 or
18+ 3, respectively. Neither possible quantum beat

2
E=c[2j+1]2[2F+l][2F'+1]{lj‘. fsl

jJ
F'F I

frequency assignment to the components of the
doublet yields an experimental A factor ratio in
good agreement with theory.

The amplitude E of each quantum-beat frequency

islS

2
(11)

’

where the standard spectroscopic notation has been used and c is a proportionality constant. From Eq. (11),
the ratio of the amplitudes of the quantum beats of the 6583- A to 6578A components in CII are

L, L, 1 jz Jj2 1
11[2F, +1][2F3 +1 ;
E(6583,),) [2j;+11°[2F, +1][2F; + ][J i S, F, F, I "
E(6578,j;) Lo 1|
2 1 L1 Ji J1
[2j1+ 1)°[2F +1][2F] +1] i1 i Sy F, F, I
l
Upon substltutmg the quantum numbers Fj =1, T T T T T T T T
F,=0,S,=7, j,=5, L,=1, lz_lforthe6583A 121 (q) Be .
component and Fi=2, Fi=1, S;=7, j1= 6578-6583A
L,=1, ;=1 for the 6578-A component with nu-
clear spin I =, the ratio of the quantum-beat am- _
plitudes yields a theoretical value of 1.6. The exper- b
imental value, 1.2+0.3, is in rough agreement with 5

theory, when the 6578 A and the 6583 A line are as-
signed the quantum beat frequency 67904570 and
747+ 62 MHz, respectively. If the assignments are
reversed, the experimental ratio E(6583)
/E(6578)=0.8+0.3 and comparison with theory is
poorer. In conclusion, both the experimental 4 fac-
tor ratio and amplitude ratio yielded from quantum
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FIG. 6. Atomic quantum beats of the 5667-A line in
5N+ (at 300 keV) downstream after a single tilted foil.

The circular-polarization parameter S/I is defined in
the text.

0 1 1 1 1 1 1 1 i
T T T T T T T T

(b) Bc 7
6578-6583 A

]
\ n
4 il
Ao }
|
8 " \\‘ hy

S/1 (%)

1 |
0 40 8.0 12.0 16.0
RELATIVE DISTANCE (mm)

FIG. 7. (a) Atomic quantum beats of the 6578-6583-
A doublet in *C* (at 300 keV) downstream after a sin-
gle tilted foil. The circular-polarization parameter (S /I)
is defined in the text. Dashed curve connects the exper-
imental points. Solid curve is a computer fit composed
of two frequencies. (b) Same as (a) but at a different ar-
bitrary distance downstream from the foil. The same
two frequencies fit both curves (a) and (b).
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TABLE II. Measured quantum beat frequency o.
The experimental magnetic hyperfine constants 4 are
calculated from Eq. (4) in the text for the two possible
combinations of @ in 3C and the determined values of
o in N. The theoretical spectroscopic factor ratio
A(6583)/A(6578) has been calculated from Egs. (9) and
(10) of the text.

Nucleus Line ® Aexp A(6583/A4(6578)
(A) (MHz) 10~%eV) Exp Theor.
6578 6790+570 2.22+0.19 0.22+0.04

6583 747+62 0.49+0.04
B¢ or or 5

6578 747+62 0.25+0.02 1843

6583 6790+570 4.45+0.36 -

5667 2860+240 7.49+0.62
5N 5680 4810+40 9.00+0.75

beat measurements in *C are not well explained by
theory.

It is not possible to extract the same information
from determinations of the quantum-beat frequen-
cies in ’N because of the more complex 25s22p3p°D
configuration of N1. The frequencies (4 factor)
would depend upon six parameters; our measure-
ments for only two frequencies (with large experi-
mental error) are not sufficient to constrain the
problem.

B. Nuclear polarization

The average nuclear polarization in a given beam
interval was determined from the amount of circu-
larly polarized light emitted from the beam after
transmission through two foils, a tilted foil followed
by a perpendicular foil. Figure 6 illustrates some
difficulties in determining nuclear polarization by a
double beam-foil technique. The nuclear polariza-
tion is a function of the distance downstream of the
beam and also may be a function of unobservable
frequencies betweeen the two foils. On the other
hand, in principle, a subsequent nuclear-
polarization measurement could yield those optical-
ly unobservable states involved in the polarization
process which do not have radiative transitions such
as atomic ground states of large-orbital angular
momentum, which may be highly polarized.

The average results of S/I from a number of
such double-foil experiments with 2C, 3C, and °N
at 300 keV are listed in Table III together with the

values of P;, the degree of nuclear polarization cal-
culated by Eq. (8) (see Sec. III). As stated previous-
ly, the sign of both the atomic and nuclear polariza-
tion depends upon the direction of the foil tilt with
respect to that of the beam. The sign changes were
always consistent in all the independent runs, on
which Table III is based. The large uncertainty in
the yielded values of nuclear polarization stems
from the lack of uniformity of the carbon foils uti-
lized, which could attenuate the measured polariza-
tion and result in a variation of nuclear polarization
from foil to foil. With respect to the latter, the
measured atomic polarization for each foil was con-
sistent, but it did vary from foil to foil. Also, the
uncertainity reflects the fact that the data were tak-
en at an arbitrary distance between the foils and at
an arbitrary point downstream. At 300 keV, the
average degree of polarization P; from a 0.5 uA
beam of C and *N passing through a single tilted
foil was, respectively, (3.2+0.6) % and (5.7+0.9) %.
As expected that within statistics, the 12¢ ¢could not

TABLE III. Nuclear polarization at 300-keV beam
energy after passage through single or multiple foils.
The directions 0, —60, and 60 refer to the angle in de-
grees between the beam and the normal-to-the-foil-
surface (the sign is relative). The sequence of angles
refer to the sequence of foils through which the beam
passes. (Note that angle O refers to a foil whose surface
is perpendicular to the beam and is always the last foil
through which the beam passes for any foil sequence.)
The degree of nuclear polarization P; is defined by Eq.
(8) of the text; the sign is relative. The value of P; of
2C is based upon Eq. (8) with 7=+, the °C or "N

value, for comparison.

Foils sequence

Ion and direction S/I (%) P; (%)

N+ 0 —0.04+0.30 —0.2+1.8
60,0 +0.89+0.24 +5.7+1.5
BN+ —60,0 —0.90+0.17 —5.7+1.1
Average | P | 0.90+0.14 5.7+0.9
60,0 +0.80+0.21 +3.0+0.8
Be+ —60,0 —0.92+0.23 —3.5+0.8
Average |P;| 0.86+0.16 3.240.6

e+ 60,0 —0.1240.23 (—0.4+0.8)
BN+ 60,60,0 +1.50+0.22 +9.5+1.4
Bo+ 60,60,0 +1.10+0.20 +4.14+0.8
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be polarized, and these data are a stringent check on
the consistency of the experimental method.

In further experiments, two tilted foils were used
to enhance the nuclear polarization. (These two tilt-
ed foils were also followed by a perpendicular foil.)
The distance between the tilted foils was ~2 mm,
the distance to the perpendicular foil was ~1 cm
(both distances were arbitrary and did not reflect a
particular beat frequency). The beam energy was
increased to 400 keV to compensate for energy
losses through the three foils, and the beam current
was decreased to about 300 nA due to the greater
probability of foil breakage when such large num-
bers of foils are used in a sequence. The results are
also shown in Table III and indicate that the polari-
zation was enhanced for *C and N to (4.1+0.8) %
and (9.5+1.4) %, respectively. Although a higher
percent of nuclei were polarized with the addition
of the extra tilted foil, the lower beam current
means that the actual current of polarized nuclei is
lower.

V. CONCLUSION

In summary, this paper explores a simple method
to induce nuclear-spin polarization,? which aligns or
orients the electrons rather than the nucleus itself.
It should be a general method to polarize nuclei.
The atomic-polarization studies will be summarized
first.

For !3C11, the measured quantum beats of the
6578-6583-A doublet component of the 2s23sS-
2523p’P multiplet are either w(6578)-747+62 and
©(6583)=6790+570 or w(6578)= 6790+570) and
0(6583)=747+62 MHz, yielding experimental
magnetic hyperfine constants either 0.25+0.02 and
4.45+0.36 or 2.72+0.19 and 0.49+0.04 X 10~° eV,
respectively. The ratio of these experimental mag-
netic hyperfine constants 4 (6583)/4 (6578) is either
1843 or 0.22+0.04 for the respective previous
quantum beat frequency assignment in the doublet.
Neither ratio is in good agreement with the theoret-
ical value of 5 calculated on the basis of a one-
electron configuration and simple magnetic-dipole
interaction. The experimental quantum-beat ampli-
tude ratio of either 1.2+0.3 or 0.8+ 0.2 (again the
values depend upon component frequency assign-
ment) are compared with the calculated value of
1.6. The lack of definitive agreement between
theory and experiment prevents an assignment of
the measured magnetic hyperfine constants to the
components of the multiplet and points out the need
for a future quantum beat study from spectroscopi-

%ally resolved 6578 and 6583 A components in

ClI1.

For ""NiI, the measured quantum beat of the
5667- and 5680-A resolved components of the
2s%2p3s2-2s22p3p®D  multiplets are  w(5667)
=2860+240 and «(5680)= 4810+400 MHz, yield-
ing experimental magnetic hyperfine constants of
7.49+0.62 and 9.00+0.75X10~% eV, respectively.
For this more complicated configuration, which
would be based on six theoretical constants, no cal-
culations are presented. Only theoretical spectro-
scopic factors for lithiumlike states in C*+3 and
N *4 are reported in the literature.

With respect to the nuclear-polarization studies,

induced nuclear-spin polarization by passage of 0.5
1A beams of 12)C*t, BC*, and ’N* at 300 keV
through single tilted carbon foils yielded
| Pr | =(0.4+0.8)%, (3.2+0.8)%, and (5.7
+1.4) %, respectively. The sign of the nuclear po-
larization flipped by a simple flip of the tilt of the
foil to negative angles with respect to the beam
direction. For *C and PN, the nuclear polarization
was enhanced to (4.1+0.8)% and (9.5+1.4) %,
respectively, by passage through two tilted foils.
The ratio of the measured, induced nuclear polari-
zation in 3C/!*N is not yet understood quantita-
tively.

Note that although neither the quantum-beat fre-
quencies nor the nuclear polarization itself has been
determined yet to precisions better than +10%, one
can still utilize the nuclear polarization as a signal
for hyperfine techniques, which in themselves can
yield precise information of many physical parame-
ters. For example, recently the Osaka group used
NMR techniques with asymmetric B-decay detec-
tion from polarized >N (at 700 keV, ~25% polar-
ized) and polarized 28Al to measure the internal
magnetic field of nitrogen in nickel'® to 0.1% preci-
sion, and the magnetic moment of the 3 4 state in
28A1 (Ref. 17) to an accuracy of seven parts in 3000.

Unlike the comparable grazing-incidence tech-
nique’ (scattering off a metallic plate), the present
method utilizes the full strength of a transmitted
beam (~0.5 uA), has improved timing (the foil
thickness remains the same), and can flip the sign
of the nuclear polarization with a simple flip of the
foil direction. The latter will allow self-
normalization and internal experimental check.
Due to improved foil stability at higher energies,
the enhancement displayed with multiple tilted foils
should be more effective at higher beam energies,
higher (> 1 MeV) than those used in the present in-
vestigation. The cost of these advantages at present
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is lower nuclear polarizability with respect to the
grazing-incidence technique (about one third for
carbon and nitrogen at equivalent energies). Both
techniques can observe effects from nonradiative,
highly oriented atomic ground states through polar-
ization transfer from the atom to the nucleus and
back again. However, the simplicity of producing
nuclear-spin polarization by beam passage through
tilted foils should be inspiring for the further study
of the underlying physical processes involved in the
polarization and via polarized particles.
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