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Abstract

A β-ray detecting nuclear quadrupole resonance system has been developed at

NSCL/MSU to measure ground-state electric quadrupole moments of short-lived

nuclei produced as fast rare isotope beams. This system enables quick and sequen-

tial application of multiple transition frequencies over a wide range. Fast switching

between variable capacitors in resonance circuits ensures sufficient power delivery

to the coil in the β-ray detecting nuclear magnetic resonance technique. The fast

switching technique enhances detection efficiency of resonance signals and is espe-
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cially useful when the polarization and/or production rate of the nucleus of interest

are small and when the nuclear spin is large.

Key words: nuclear quadrupole resonance, β NMR, electric quadrupole moment

PACS: 21.20.Ky, 76.60.Gv, 07.57.Pt, 27.30.+t

1 Introduction

Electromagnetic-nuclear moments are one of the most important fundamental

properties of a nucleus and provide key information on nuclear structure. The

electromagnetic moments are one-body operators acting on a single nuclear

state and are very sensitive to the wave function of a specific nuclear state.

They are complementary to transition moments, which are two body operators

acting on two different nuclear states.

Recent developments in the production of nuclear spin polarization as well

as in the production of radioactive-nuclear beams have made it possible to

perform studies on nuclear moments away from the stability line in the nu-

clear chart. Fast rare isotope beams are considered here and the polarization is

produced in projectile-fragmentation [1] or nucleon pick-up [2] reactions. Nu-

clear moments of such unstable nuclei, whose production rates become small

as the nuclei move further from the stability line, are measured with the β-ray

detecting Nuclear Magnetic Resonance (β-NMR) technique [3,4].

The β-NMR technique is a highly precise and sensitive technique and requires

at least 103 spins to generate the NMR signal compared to greater than 1017

1 Current address: Technova Corp. Lansing, MI 48906, USA
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spins in the conventional NMR technique. This is because the NMR signal

in the β-NMR technique is obtained by detecting the radioactivity from the

nucleus, namely from the asymmetric β-ray angular distribution from the

decaying polarized nuclei. Therefore, the β-NMR technique is widely used in a

variety of fields, for example, in research on nuclear structure[5,6], fundamental

symmetries of the weak interaction [7] and condensed matter systems [8].

Measurements of magnetic-dipole moments of unstable nuclei were successfully

performed at National Superconducting Cyclotron Laboratory at Michigan

State University (NSCL/MSU) to study nuclear structure and charge symme-

try of mirror nuclei [5,6]. As a next step, electric quadrupole moment mea-

surements are planned to determine nuclear charge distributions and provide

information on the deformation of exotic nuclei. The challenge in the mea-

surements of quadrupole moments is the small NMR signal scattered over a

wide range of radio frequencies (RF) due to an electric-quadrupole interaction

between the quadrupole moment of nucleus and the electric field gradient. A

strong rotating magnetic field (H1) needs to be applied for an efficient β-NMR

measurement. The H1 must be maintained over a wide range of transition fre-

quencies and a short period of time. The latter requirement is established by

the short-lived nature of the exotic nucleus of interest.

A β-ray detecting Nuclear Quadrupole Resonance (β-NQR) system has been

developed at NSCL based on an existing β-NMR system [9]. The β-NQR

technique [10] is a multiple RF NMR technique used to significantly enhance

the small NMR signal. The potential of this technique was demonstrated, for

example, in Ref. [11,12]. The system is especially important for nuclei with

low production rates, small polarization and/or large nuclear spin. The present

system enables quick and sequential application of RF scattered over a wide
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range, with the capability to measure magnetic and quadrupole moments of

short-lived radioisotopes produced through intermediate-energy reactions.

The electromagnetic interaction of magnetic and quadrupole moments with

external fields is briefly reviewed in section 2. The principle of the β-NQR

technique is discussed in section 3 and each component of the system is then

detailed in section 4. The result of verification tests of the β-NQR system at

NSCL is discussed in section 5.

2 Electromagnetic interaction

The hamiltonian of the electromagnetic interaction between nuclear moments

and external fields [13] is given by

H = −µ · H0 +
eqQ

4I(2I − 1)
{3I2

Z − I(I + 1) +
η

2
(I2

+ + I2
−
)}. (1)

Here µ is the magnetic moment, H0 is the external dipole-magnetic field, I

is the nuclear spin, Q is the quadrupole moment, Iz is the third component of

the spin operator and I± are the raising and lowering operators. The biggest

component of the electric field gradient is defined by q = VZZ where V is the

electrostatic potential and Vii = d2V/di2. The asymmetry parameter of the

electric field gradient is defined as η = (VXX−VY Y )/VZZ with |VXX | < |VY Y | <

|VZZ|. An appropriate electric field gradient is provided by the internal field

of a single crystal. The energy levels are given to first-order of the electric

coupling constant eqQ/h as

Em = −gµNH0m +
hνQ

12
(3 cos2 θ − 1 + η sin2 θ cos 2φ){3m2 − I(I + 1)}, (2)
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where, for simplicity, the electric interaction is regarded as a perturbation to

the main magnetic interaction. In Eq. (2), m is the magnetic quantum number,

νQ = 3eqQ/{2I(2I − 1)h} is a normalized electric coupling constant, and θ

and φ are the Euler angles between the principal axes of the electric field

gradient and the external dipole-magnetic field, respectively. The first term in

Eq. (2) gives the 2I + 1 magnetic sublevels separated by a fixed energy value

determined from the applied dipole-magnetic field and size of the nuclear g

factor due to the magnetic interaction (Zeeman splitting). These sublevels

are further shifted by the electric interaction and the energy spacing between

adjacent sublevels is no longer constant. The 2I separate transition frequencies

appear as

fm−1↔m = νL − νQ

4
(3 cos2 θ − 1 + η sin2 θ cos 2φ)(2m − 1), (3)

since the transition frequencies correspond to the energy difference between

two adjacent energy levels (∆m = ±1) in Eq. (2). Here νL = gµNH0/h is

the Larmor frequency. The variation in the number and position of resonance

frequencies between pure magnetic and both magnetic and electric interactions

is schematically shown in Fig. 1 for the case of I = 3/2.

When the electric interaction can not be considered as a perturbation to the

magnetic interaction, higher order terms of the electric interaction have to be

considered.

3 β-NQR technique

The β-NQR technique [10] is an NMR technique used for short-lived β-decaying

nuclei. An asymmetric β-ray angular distribution from nuclear-spin polarized
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nuclei is utilized to obtain an NMR signal. The β-NQR measurement starts

with the production of nuclear-spin polarized nuclei. The polarized nuclei are

then implanted into a single crystal within a dipole magnet for the nuclei to be

exposed to well-defined electromagnetic fields. The application of H1 and fur-

ther manipulation of nuclear spins induces a change in the asymmetric β-ray

angular distribution from the polarized nuclei. The asymmetry change is de-

tected as a function of applied RF to deduce the magnetic and/or quadrupole

moment. Each of these steps is described in detail below for the specific ap-

plication of β-NMR measurements with the fast switching NQR system at

NSCL.

Projectile fragmentation or nucleon pick-up reactions are used to produce the

nuclei of interest in a spin-polarized state. A few percent nuclear polariza-

tion is typically realized from these reactions [1,2]. Generally, alignment and

higher-order tensor polarizations may also be produced, depending on the ex-

perimental conditions and the nuclear spin. Since the β-NMR technique is

sensitive to the polarization (and the odd rank of higher-order tensor polar-

izations), only polarization is discussed in this work for simplicity. The nuclear

polarization P is defined by a linear distribution of populations in energy lev-

els Em given in Eq. (2) as P =
∑

amm/I, where am is the population in state

Em. The polarized nuclei are implanted into a single crystal surrounded by

an RF coil under an external dipole-magnetic field, where the electromagnetic

interactions are utilized to probe the nuclear moments as discussed in section

2.

The β-ray angular distribution from polarized nuclei is given by W (ϕ) ∼

1 + AP cos ϕ where ϕ is the angle between the polarization direction and the

direction of the decay β particle momentum, A is the asymmetry parameter
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and P is the initial polarization produced in the nuclear reaction as defined

earlier. The NMR signal is obtained from a double ratio defined as

R =

[

W (0◦)

W (180◦)

]

off

/ [

W (0◦)

W (180◦)

]

on

, (4)

where off(on) stands for without(with) the RF applied. On resonance, [see Eq.

(3)], transitions among two adjacent magnetic sublevels are induced and some

populations are equalized, resulting in a reduction of initial polarization. The

NMR signal is approximately given from Eq. (4) by R ≈ 1+2A∆P , where ∆P

is a change of polarization between RF on and off. The polarization change

takes the maximum number ∆P = P if transitions among all sublevels are

saturated and all populations are equalized by the applied RF. This gives the

maximum NMR signal as R ≈ 1 + 2AP .

The magnetic moment is obtained by locating the single resonance frequency

corresponding to the Larmor frequency, the first term in Eq. (3). The quadrupole

moment, on the other hand, is obtained by locating the 2I transition frequen-

cies in Eq. (3). The conventional β-NMR technique relies on detecting each of

these 2I transition frequencies from independent measurements. A single fre-

quency is applied and the entire range of RF swept. The NMR signal is signifi-

cantly smaller than the maximum signal expected from the initial polarization

because the application of one transition frequency induces only a partial re-

duction of initial polarization. The maximum NMR signal, on the other hand,

can be achieved if all 2I transition frequencies in Eq. (3) are applied, result-

ing in the total destruction of the initial polarization. This technique is called

the β-NQR technique. Note that the nucleus of interest is short lived and the

RF has to be applied in a period of time shorter than the lifetime of the nu-

cleus. Assuming a linear distribution of populations in Em as am − am−1 = ε
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and
∑I

m=−I am = 1, where ε is a nonzero constant, the β-NQR technique is

(8/9)I3(I + 1)2(2I + 1)2 times more efficient than the conventional β-NMR

technique. For example, a one-day measurement of the quadrupole moment

of an I = 3/2 nucleus with the β-NQR technique would require 300 days of

measurement with the conventional β-NMR technique.

It is noted that the β-NQR technique with zero external magnetic field [14]

may be a powerful technique to enhance the efficiency of quadrupole moment

measurements. At zero magnetic field, the number of resonance transitions is

reduced due to the degeneracy between E±m states, as seen in Eq. (2). The

structure of the resonance spectrum becomes simpler than that obtained in

the β-NQR technique with and external dipole-magnetic field. There is only

one transition frequency in the special cases (I = 1, η = 0 or I = 3/2) for the

measurement of quadrupole moment. However, multiple transition frequencies

appear in general cases, where the present β-NQR system may play an essential

role for reasons discussed in this paper.

4 β-NQR apparatus

4.1 Concept

Frequency modulation (FM) of each transition frequency is used to search

a wide range of electric coupling constants for resonances. The wide FM is

important especially during the initial search for resonances. The observed

polarization after the irradiation time of H1 is given by P = P0e
−wtRF , where P0

is the initial polarization, w is the transition probability between two magnetic

sub-level populations and tRF is the RF time [13]. Here a long spin-lattice
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relaxation time is assumed. The applied width of the FM will determine the

RF power, namely the required strength of H1, to efficiently destroy the initial

polarization. The FM is defined by the modulating frequency νFM and time

tFM, needed to scan the applied FM, as FM = ν(tFM) − ν0 = νFMtFM, where

the frequency at time t is given by ν(t) = νFMt + ν0 with the initial frequency

ν0. The transition probability is then approximated by

w =
∫ tFM

0

(γH1)
2

2
g(ν)dt

/

tFM =
∫ ν0+FM

ν0

(γH1)
2

2
g(ν)dν

/

(tFMνFM)

=
∫ ν0+FM

ν0

(γH1)
2

2
g(ν)dν

/

FM ∼ (γH1)
2

2FM
, (5)

where γ is the gyro-magnetic ratio, g(ν) is the shape function of the reso-

nance line, generally given by a Gaussian or Lorentzian function. A wide FM

compared to the line width of the resonance is assumed to obtain the final

approximation. A wide frequency modulation requires high H1 amplitude to

keep a fixed magnitude of the transition probability.

The high H1 amplitude is achieved by use of an LCR resonance circuit, where

L is the inductance of the RF coil that produces the H1, C is the capacitance

and R is the resistance. The LCR resonance condition for frequency f is given

by f = 1/(2π
√

LC). Multiple variable capacitors are used with fixed L and

R to tune the resonance circuit and achieve impedance matching to the RF

amplifier. Such operation ensures sufficient H1 for all transition frequencies

within an FM scan. Transition frequencies are sequentially applied to the

LCR resonance circuit by selecting one of the variable capacitors using fast

relay switches. The selected capacitor is tuned to the specific capacitance that

satisfies the LCR resonance condition for a particular frequency. The voltage

across the RF coil obtained with the present system is schematically shown

in Fig. 2 as a function of applied frequency. The locations of NMR resonances
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for I = 3/2 nuclei are also shown. Sufficient H1 amplitudes are achieved for

three transition frequencies as shown by solid curves in the lower part of the

figure. The solid curves are the Q curves of the LCR resonance circuit and are

obtained when an appropriate capacitor is selected by one of the switches for

each frequency. Note that H1 is proportional to the voltage across the coil and

inversely proportional to the frequency as H1 ∝ V/f . Sufficient H1 amplitude

may not be achieved in a single capacitor system because the applied voltage

to the first and third frequencies, which are located at the edge of the Q curve,

could be very small as shown in the upper part of Fig. 2.

A schematic of the β-NQR system at NSCL is shown in Fig. 3. An RF signal

generated by a function generator (labeled FG 1) is selected by a gate (labeled

DBM) and sent to the RF amplifier. The amplified signal is then applied to

an RF coil, which is part of the LCR resonance circuit, with an impedance

matching resistor or a transformer and one of six variable capacitors. After

some irradiation time (determined from the decay lifetime of the nucleus),

the frequency from FG 2 is selected by a gate signal and sent to the same

LCR resonance circuit. A different capacitor, which has been tuned to the

second frequency to satisfy the LCR resonance condition, is selected by the

fast switching relay system. Up to six different frequencies can be handled

with the current system of 6 function generators, all of which are not shown

in Fig. 3. The components of the resonance circuit are contained in a single

unit as pictured in Fig. 4, with the exception of the RF coil, which is placed

in a vacuum chamber surrounding the implantation crystal. The timing of

the DBM, fast switching relays and rare isotope beam pulsing are controlled

by a series of trigger signals generated by a VME pulse pattern generator,

RPV-071. Each component of the β-NQR system is explained in detail in the
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following subsections.

4.2 Function generator

RF signals are generated by Agilent Technologies model 33250A digital func-

tion generators. Three function generators are shown in Fig. 3 but up to six

function generators can be accommodated in the present system, providing

access to nuclei with spin up to I = 3. An RF signal from one of the function

generators is selected by a gating signal through a Pulsar Microwave Corp.

Double Balanced Mixer model X2M01411B. The RF signal is then amplified

by an EMPOWER model BBS0D3FOQ, 250W, 58 dB RF amplifier and sent

to the LCR resonance circuit. Only one transition frequency is present in the

LCR resonance circuit at a time to avoid significant power reflection. Such

reflections cause a distortion of the RF signal, especially when the frequencies

are scattered over a wide range and/or when high power is required.

4.3 Impedance matching

Two options are available to impedance match the LCR circuit to the RF

amplifier. Either a 50 Ω resistor or an impedance matching transformer can

be used, depending on experimental requirements. A higher Q factor of the

resonance circuit is obtained with the transformer. The transformer, therefore,

offers higher H1 amplitudes in a narrower frequency region. A ferrite #77

manufactured by Amidon is used for the core of the transformer. The 50 Ω

output impedance of the amplifier is matched to the several Ω impedance of

the resonance circuit at the resonance frequency by adjusting the primary-
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and secondary-turn numbers of the transformer. The impedance and turn

numbers of the transformer are related as Zs/Zp = N2
s /N2

p , where Z and N

are the impedance and the turn number of primary (p) and secondary (s)

wires, respectively.

4.4 Capacitor

Variable vacuum capacitors provide broad tuning capability to different fre-

quencies and have a high power tolerance. Six capacitors can be implemented

in the system and Jennings models UCSXF1500, CVDD1000 and CMV1-4000

vacuum capacitors are used. The system has 2 of each of the three capacitors

with maximum capacitances of 1500, 1000 and 4000 pF, respectively. Each

capacitor can be independently selected by a relay switch to make the LCR

circuit resonant with fixed L and R for a specific RF. Remotely-controlled

stepper motors are used to tune the capacitors. Some of the variable capaci-

tors can be replaced by fixed capacitor banks as shown in Fig. 3 when large

capacitance (> 10000 pF) is required at lower RF. The minimum capacitance

of the system is determined by a capacitance of the RF unit (∼ 270 pF), which

restricts the highest tunable frequency of the system depending on L of the

RF coil. Currently, the system can be tuned to frequencies from 450 kHz to 3

MHz with the L = 10.4 µH coil.

4.5 Relay switch

Fast-switching vacuum relays are employed to provide fast switching speed and

fulfill high-voltage and current requirements at a several MHz load frequency.
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Currently, GIGAVAC model GR6HBA318 switches are used. RF signals are

applied to the circuit only when the switches are completely on (cold switch-

ing) to avoid discharge between relay contacts. The switching time of the relay,

defined by a delay time relative to control signal and including a mechanical

bouncing time, was measured as illustrated in Fig. 5. A DC voltage was ap-

plied to the relay and the switching speed was measured relative to the control

signal applied to the relay coil. The results are 1.6 ms for off to on and 0.6

ms for on to off. This performance exceeds manufacturer’s specifications (2

ms and 1 ms delay times, respectively). The few millisecond switching times

mean that the β-NQR system can be used to study nuclei with lifetimes as

short as 10’s of milliseconds. The specified mechanical lifetime of the relay is

108 switching cycles.

4.6 RF coil

An RF coil makes up a part of LCR resonance circuit and provides an H1

to the nuclei in the NMR technique. The coil is located external to the RF

unit and surrounds the crystal into which short-lived radioactive nuclei are

implanted. The coil generates a linearly oscillating magnetic field, which can

be divided into two oppositely-rotating magnetic fields. One of the rotating

magnetic fields is effective in NMR measurements. The coil is designed for

the specific nucleus, considering the range of RF to be scanned and the re-

quired capacitances to tune the LCR circuit. Currently, two coils arranged in

a Helmholtz like geometry are used. The diameter of each coil is 27 mm, the

separation of coils is 22 mm, and the turn number is 22 turns (11 turns for

each coil). The inductance of the coil is L = 10.4 µH and the coil generates
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an oscillating H1 of 3 Oe/ADC.

4.7 Timing control

Timing control within the system is accomplished by the REPIC model RPV-

071, 32 channel output, VME pulse pattern generator with 65k/channel data

memory. A bit pattern is loaded into the memory of the RPV-071 through the

VME bus. The pattern is output-synchronized with an external clock signal.

Each output is used to trigger and/or gate devices. For example, the func-

tion generators, DBM gating for RF signal flow control, fast switching relays

and rare isotope beam pulsing are all controlled by the RPV-071 outputs.

Pulse-pattern timing programs are needed to satisfy different experimental

objectives. As an example, one of the existing timing programs is used to

determine beam polarization based on pulsed-dipole magnetic field applica-

tion [15]. Another program, for the determination of nuclear moments, pulses

the RF every 60 s with continuous implantation of the beam. During RF-on

time period, a set of multiple RF pulses are sequentially applied and repeated

within this one period. One cycle of the timing program is loaded to data

memory and the cycle is repeated. Currently, a clock frequency of 2 kHz is

used and thus the minimum length of the pulse is 1/2 kHz = 0.5 ms and the

maximum length of the pulse or one cycle of timing program is (65k data

point)/2 kHz = 32.5 s. A graphical user interface was developed using Tcl/Tk

(scripting language/graphical user interface tool kit) [16] to program and con-

trol the pulse pattern generator based on the NSCLDAQ VME Tcl extension

[17].
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5 Verification tests

A test was performed to demonstrate the capability of fast switching and

constant H1 amplitudes among multiple transition frequencies. A set of three

independent frequencies was applied sequentially to the β-NQR system. The

applied signals had frequencies 465, 1485 and 2415 kHz. These signals were

linearly frequency modulated with a modulation width of 50 kHz and a modu-

lation frequency of 50 Hz. Each signal was maintained for 100 ms and applied

in the order of increasing frequency. The cycle was repeated twice. A fraction

of the voltage across the RF coil was monitored by an oscilloscope as shown

in Fig. 6. Note that the time scale of the oscilloscope is longer than the fre-

quency of signals applied so that only the amplitude profile of the signals is

seen. Constant H1 amplitude was achieved for each of the three signals, since

H1 ∝ V/f . The actual voltages across the coil were 360, 1170 and 1920 Vpp,

respectively, and the H1 was deduced to be ∼ 8 G. The 3-ms switching time

between two signals did not introduce any discharge and/or distortion to the

RF signal during operation.

The NSCL β-NQR system was used in an experiment to measure the well

known dipole moment and less precisely known quadrupole moment of 37K(Iπ

= 3/2+, T1/2 = 1.22 s). The measurement of the known magnetic moment

of 37K, where no electric interaction is required, was needed to determine

the Larmor frequency before the quadrupole moment measurement. Such a

measurement is important since the expected transition frequencies of 37K

in the quadrupole moment measurement are given relative to the Larmor

frequency, as shown in Eq. (3). The 37K nuclei were produced through a charge

pick-up reaction with a 150 MeV/nucleon 36Ar primary beam impinging a 9Be
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target. The pick-up reaction was employed because a large nuclear polarization

is expected around the central momentum of the 37K fragment, where the

production rate is highest [2,18]. The polarized 37K ions were first implanted

into a cubic KBr single-crystal placed at the center of the dipole magnet

where the β-NMR technique was applied. One of the relays in the β-NQR

system was kept closed and the system worked as a single LCR resonance

circuit, since only a single transition frequency was searched. The RF on/off

technique was used to detect the resonance. The applied RF, during the 60 s

on time, was linearly frequency modulated with a modulation width of 50 kHz

and a modulation frequency of 50 Hz. The resulting NMR spectrum is shown

in Fig. 7. A Gaussian function was used to fit the observed resonance and the

central frequency was deduced to be 463 ± 1 kHz. The magnetic moment was

deduced as |µ(37K)| = 0.2026 ± 0.0005 (stat.) ± 0.0002 (syst.) µN, consistent

with the known value µ(37K) = +0.20321 ± 0.00006 µN [19]. The external

dipole-magnetic field used was H0 = 0.4498 T, which was measured by an

NMR probe placed at the position of the KBr implantation crystal.

Based on the NMR signal (∼ 3%) in the 37K in KBr measurement, the expected

NMR signal in the quadrupole moment measurement would be ∼ 0.3% for

each resonance frequency due to the quadrupole splitting. With the given

NMR signal, it would take at least 2700 hours to obtain a nuclear quadrupole

resonance spectrum with conventional β-NMR technique, based on the time

(9 hours) used to obtain the 37K in KBr spectrum shown in Fig. 7. Here it is

assumed that the same level of figure of merit is achieved as the 37K in KBr.

The figure of merit is defined by (R − 1)2Y (obtained signal squared times

counting rate). The use of the β-NQR system is essential to perform a reliable

and efficient measurement with the full NMR signal.
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For the β-NQR measurement, polarized 37K ions were implanted into a tetrag-

onal KH2PO4 (KDP) single-crystal. The 37K ions are supposed to substitute

the K in KDP crystal, where there is an electric field gradient parallel to the

c-axis with η = 0. The c-axis was set parallel to the external magnetic field

(θ = 0). The β-NQR technique was applied and the electric coupling constant

of 37K in KDP crystal was searched by varying three transition frequencies for

a given electric coupling constant. The transition frequencies were obtained by

numerically solving the hamiltonian [Eq. (1)], since the electric interaction can

not be considered as a perturbation to the magnetic interaction, νQ > νL. Eq.

(3), however, may be used for the system with θ = 0 and η = 0, where the first

order perturbation calculation gives exact transition frequencies. These three

frequencies were repeatedly applied to the implanted 37K ions in sequence.

Each signal was linearly frequency modulated with a modulation width of 50

kHz and a modulation frequency of 50 Hz and maintained for 100 ms. The

magnetic field strength of each applied frequency was ∼ 6 G. The 37K ions

were continuously implanted into the KDP crystal and a set of three transi-

tion frequencies was pulsed every 30 second. The obtained nuclear quadrupole

resonance spectrum is shown in Fig. 8, where the NMR signal R is plotted

as a function of the electric coupling constant. The solid circles are the ex-

perimental data and the x-axis value of each point corresponds to the electric

coupling constant, which represents the set of three transition frequencies for

I = 3/2. The horizontal bar of each point is the range of electric coupling

constant covered by the frequency modulation of the applied frequencies. The

solid line is a Gaussian fit to the data. The electric coupling constant of 37K

measured in KDP crystal was determined to be |eqQ/h| = 2.99 ± 0.07 MHz

from the centroid of the fit. The corresponding quadrupole moment, |Q(37K)|

= 10.6 ± 0.4 efm2, is deduced from eqQ/h [20] and Q [21] for 39K. It took
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32 hours to complete the NQR spectrum, which is significantly shorter than

the minimum time (2700 hours) required with the conventional β-NMR tech-

nique. It is noted that the 32 hours includes the time needed to search for the

resonance and thus is longer than the naive prediction (9 hours) given above.

6 Summary

A fast switching β-NQR system has been developed at NSCL based on an ex-

isting β-NMR system. The goal is to extend the nuclear moment program to

the measurement of quadrupole moments. The system consists of an LCR res-

onance circuit with a fixed RF coil, an impedance matching stage (resistor or

transformer) and six variable capacitors. The capacitors can be independently

selected by fast switching relay switches. Multiple transition frequencies are

sequentially applied to the LCR resonance circuit, and one capacitor is se-

lected by the fast relay switches to satisfy LCR resonance condition for the

applied frequency. The β-NQR system enables sequential application of 2I

(up to 6) different transition frequencies scattered over a wide range due to

the electric quadrupole interaction. The RF can be applied over a short pe-

riod of time (3 ms switching time) and with sufficient amplitude (∼ 8 G for

465, 1485 and 2415 kHz signals) to study short-lived nuclei with small nuclear

polarization. The high efficiency of the β-NQR system was demonstrated in

the measurement of electric quadrupole resonance of 37K, which would have

been impossible with the conventional β-NMR technique.
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Fig. 1. Energy levels and transition frequencies for an I = 3/2 nucleus. In the upper

part, energy levels are shown in the presence of a purely magnetic interaction. A sin-

gle resonance frequency (νL, the Larmor frequency) results due to the evenly-spaced

energy levels. When the electric interaction is added, as shown in the lower part,

the spacings between adjacent sublevels become uneven and 2I different resonance

frequencies result.
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Fig. 2. Schematic justification of the multiple capacitor system. The voltage across

the RF coil is shown for three different applied frequencies over time. Sufficient

H1 amplitudes over the applied transition frequencies are achieved in the multiple

capacitor system as shown by the solid curves (Q curve of LCR resonance circuit)

in the lower part, which may not be realized in a single capacitor system as shown

in the upper part.
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Fig. 3. Schematic illustration of the β-NQR system. One of the RF signals generated

by the function generators is selected by a gate and sent to the amplifier. The

amplified signal is then applied to an RF coil through an LCR resonance circuit.

One of six variable capacitors is selected by a fast relay switch in the RF unit to

satisfy the resonance condition. In the schematic, one of the variable capacitors is

replaced by fixed capacitor banks. A pulse pattern generator, RPV-071, controls

the function generators, the timing of DBM gating, the fast relay switches and the

pulsing of the short-lived radioactive beam.
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Fig. 4. Schematic of the β-NQR RF unit. The unit contains a 50 Ω resistor, six

capacitors, six relays and control boards for the relay switches. The unit is connected

to the RF coil in a vacuum chamber, completing the LCR resonance circuit. The

variable vacuum capacitors are tuned to a specific capacitance by stepper motors.

Fixed capacitor banks can be included to broaden the range of RF applicability.

The unit is mounted in a standard 19” rack.
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Fig. 5. Response time of the GIGAVAC model GR6HBA318 fast relay switch. A

DC voltage was applied to the relay and the voltage drop was measured relative to

the control signal of the relay coil. Mechanical bouncing of the relay contact can be

seen when the relay turns on.
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Fig. 6. Test result of the β-NQR system. The partial voltage across the RF coil was

monitored by an oscilloscope. A set of three different frequencies was applied and

repeated twice. Nearly constant H1 among these signals was achieved. Note that

the switching time between signals was 3 ms.
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Fig. 7. The NMR signal for polarized 37K nuclei implanted in a KBr single crystal.

The solid circles are data and the solid line is a gaussian fit to the data.
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Fig. 8. Quadrupole resonance spectrum of 37K in KDP crystal. The solid circles are

data and the solid line is a gaussian fit to the data.
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