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2007 R&D 100 AWARDS ENTRY FORM

1 Submitting Organization

Organization Ernest Orlando Lawrence Berkeley National Laboratory
(LBNL)

Address 1 Cyclotron Road
City, State, Zip Berkeley, CA 94720-8125

Country USA
Submitter Pamela Seidenman

Phone (510) 486-6461
Fax (510) 486-6457

E-mail PSSeidenman@lbl.gov

AFFIRMATION: I affirm that all information submitted as a part of, or supplemen-
tal to, this entry is a fair and accurate representation of this product.

Submitter’s signature: _______________________________________________

2 Joint entry with:

Organization
Address

City, State, Zip
Country

Contact Name
Phone
Fax

E-mail

3 Product name:
Laser-Detected MRI

4 Briefly describe (25 words or less) what the entry is (e.g. balance, camera,

nuclear assay, etc.).

Laser-Detected MRI: A technique for magnetic resonance imaging that uses laser-
based detection to achieve high-resolution images without the need for expensive
high magnetic fields or cryogenics.
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5 When was this product first marketed or available for order? (Must have been

first available in 2006.)

The technology was first made available for license in August, 2006

6 Inventor or Principal Developer (List all developers from all companies)

Developer Name Alexander Pines
Position Senior Scientist, Materials Sciences Division

Organization Ernest Orlando Lawrence Berkeley National Laboratory
Address 1 Cyclotron Road

City, State, Zip Berkeley, CA 94720
Country USA
Phone (510) 642-1220
Fax (510) 486-5744

E-mail pines@berkeley.edu

Developer Name Dmitry Budker
Position Faculty Scientist, Nuclear Science Division

Organization Ernest Orlando Lawrence Berkeley National Laboratory
Address 1 Cyclotron Road

City, State, Zip Berkeley, CA 94720
Country USA
Phone (510) 643-1829
Fax (510) 643-8497

E-mail budker@berkeley.edu

Developer Name Shoujun Xu
Position Staff Scientist, Materials Sciences Division

Organization Ernest Orlando Lawrence Berkeley National Laboratory
Address 1 Cyclotron Road

City, State, Zip Berkeley, CA 94720
Country USA
Phone (510) 642-7717
Fax (510) 486-5744

E-mail sxu@lbl.gov

Developer Name Valeriy Yashchuk
Position Staff Scientist, Advanced Light Source

Organization Ernest Orlando Lawrence Berkeley National Laboratory
Address 1 Cyclotron Road

City, State, Zip Berkeley, CA 94720
Country USA
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Phone (510) 495-2592
Fax (510) 486-7696

E-mail vvyashchuk@lbl.gov

Developer Name Marcus Donaldson
Position Graduate Student, Materials Sciences Division

Organization Ernest Orlando Lawrence Berkeley National Laboratory
Address 1 Cyclotron Road

City, State, Zip Berkeley, CA 94720
Country USA
Phone (510) 642-2094
Fax (510) 486-5744

E-mail MHDonaldson@lbl.gov

Developer Name Simon Rochester
Position Graduate Student, University of California Berkeley

Organization University of California Berkeley
Address Room 273, Birge Hall

City, State, Zip Berkeley, CA 94720
Country USA
Phone (510) 643-1829
Fax (510) 643-8497

E-mail simonkeys@yahoo.com

7 Product price

We estimate that it could be sold for under $30,000 for applications such as micro-
fluidic imaging and material studies. Final price to be determined by licensee.

8 Do you hold any patents or patents pending on this product?

Yes. A patent application has been filed with the United States Patent and
Trademark Office and under the Patent Cooperation Treaty.

9 Describe your product’s primary function as clearly as possible. What does it

do? How does it do it? What theories, if any, are involved?

Most of us associate magnetic resonance imaging (MRI) with large, donut-shaped
machines occupying special rooms in major hospitals. The ability of these “high-
field” MRI machines to produce exquisitely detailed images of the soft tissue of the
human body and other organisms is unparalleled, and its nondestructive, noninva-
sive nature makes it a valuable tool in a range of applications, from plant biology to
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materials and chemical research. However, the powerful magnet (the “donut”) that
MRI relies on also imposes serious limitations on its uses.

Laser-Detected MRI (LMRI) is a breakthrough technology that overcomes the lim-
itations of conventional MRI, making it accessible to, for example, hospitals in
rural areas and developing nations that can’t now afford it, and extending it to new
applications as diverse as microfluidics, materials science, geology and energy
exploration, and biomedicine.

Limitations of Conventional MRI

Conventional high-field MRI surrounds the patient or sample in the “donut hole”—
the central bore of the magnet—with a powerful gradient magnetic field. This field,
along with radio frequency (RF) pulses from an RF coil, is used to “encode” certain
atomic nuclei—typically hydrogen—within the sample with spatial information in
the form of nuclear spin magnetization. A detector, usually the same RF coil used
for encoding, receives RF signals from the nuclei as they “relax,” giving off the
energy stored during encoding. Because the frequency of these signals is deter-
mined by the local strength of the gradient magnetic field, they reveal their source
nuclei’s locations. This information is then used to produce the MRI image.

The limitations of conventional, high-field MRI begin with the need to use a power-
ful, typically superconducting, electromagnet to maximize the strength of the inher-
ently faint MRI signals. Also, the sample chamber must fit snugly around the sam-
ple or patient so that the detection coil is as close to the source of the signals as
possible. This limits the size of the sample: too big, and it will not fit in the sample
chamber; too small, and the RF coil will have trouble detecting the signals. The
high magnetic field itself also imposes limitations. For example, high fields are
dangerous for patients with metal implants such as pacemakers and clamps used for
brain aneurisms, and objects that have inclusions or voids of highly contrasting
magnetic susceptibility, such as metal objects (see Figure 1) or porous rock from an
oil field, cause artifacts in high-field MRI. Finally, the magnets, cryogenic cooling
systems, and other complex support requirements make conventional MRI very
expensive, putting it beyond the reach of many.

Laser-Detected MRI

Eliminating the need for a high-field magnet is the key to overcoming MRI’s limi-
tations. By making it possible to use small magnets or even the Earth’s magnetic
field for encoding, LMRI makes existing MRI applications accessible to a host of
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new users and opens the door to a range of new applications [Appendix C,
References 1 and 2].

For detection, LMRI replaces the RF coil with a far more sensitive optical atomic
magnetometer. The magnetometer consists of a set of miniature glass cells contain-
ing an alkali vapor such as rubidium. A beam of polarized laser light passes
through each cell, polarizing the alkali atoms. Next, the light is reflected back
through the cell, interacting with the alkali atoms again before being absorbed by
light-sensitive diodes (see Figure 3). As the polarization of the alkali atoms
changes in response to the magnetic field in the sample, the polarization of the laser
beam rotates. The diode detects this rotation, which is then analyzed to provide
detailed spatial and spectroscopic information about the sample.

LMRI cells can be placed in close proximity to virtually any sample, large or small.
They can also be multiplexed, i.e., multiple cells may, for example, be arranged
around a patient’s head for a brain scan. The feasibility of using small, portable mag-
nets—or even the Earth’s magnetic field—with these sensitive detectors creates

Figure 1 Imaging a porous steel sample. The image on the left was obtained from a high-field
MRI spectrometer (Varian Inova 300). The sample region, indicated by the oval, contains no infor-
mation, because of the large magnetic susceptibility of the sample. The image on the right,
obtained using LMRI, successfully shows the water content.
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opportunities for industrial applications, especially in analysis of samples too large to
fit within the bore of a magnet. Low-field encoding, in combination with laser detec-
tion, will enable study of heterogeneous systems, from petroleum reservoir rock to
organisms and tissue samples, with the potential to detect early onset of amyloid plaque
diseases such as Alzheimer’s, prion diseases such as mad cow disease, and cancer.

Remote Detection

When used with a complementary technology, remote MRI, which was also devel-
oped at LBNL, laser-detected MRI opens up a broad range of new applications.
Remote MRI exploits the ability of MRI-encoded fluids to act as “signal carriers”
that can transfer MRI-encoded data from the encoding chamber to a physically sepa-
rate detection chamber [Appendix C, Reference 3]. This approach has several advan-
tages. It allows the encoding and detection processes to be optimized separately to
achieve both a strong MRI signal and sensitive detection. It makes it possible to
encode a large-volume sample (the “encoding volume”) that contains a low concen-
tration of spin nuclei and then detect these nuclei downstream in a much smaller vol-
ume (the “detection volume”) of concentrated spin nuclei, with greatly improved fill-
ing factor (see Figure 2), enhancing signal density by three orders of magnitude. For
applications in flow analysis and microfluidics, remote LMRI allows encoding and
detection to proceed continuously—not feasible when encoding and detection take
place in the same sample chamber—and provides a simple way of tracking multi-
channel flow, as explained in the section that follows.

Figure 2 Remote detection scheme showing large encoding volume and small detection volume.
In the encoding stage, excitation pulses and gradient pulses are applied to store spatial information
as nuclear spin magnetization. At the detection stage, these spins can be detected from a much
smaller volume, greatly improving the “filling factor,” which is a measure of the population of spin
nuclei as compared to the detection volume. Inset photo shows an array of detectors, each of which
is cubic with approximately 2 mm side length.
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Using LMRI for Microfluidics

Berkeley Lab’s LMRI device (see Figure 3) demonstrates how remote LMRI can be
used to image multichannel flow. The device includes two channels, contained
inside an encoding chamber, that converge into a single channel for LMRI detection
outside the encoding chamber. The fluid used is water, whose hydrogen content
makes it a good signal carrier for imaging porous materials, studying flow dynam-
ics, providing an MRI marker, and many other applications. (Many other fluids,
such as oil, are also good signal carriers.) The hydrogen nuclei are spatially encod-
ed in the encoding chamber, much as in a conventional MRI. They take this encod-
ing with them when they leave the encoding chamber and flow through a single
channel past the LMRI detector, which collects the spatial data. The data is then
processed to produce MRI images showing the two channels at the time of encod-
ing (Figure 4). “Lab-on-a-chip” microfluidic devices with LMRI could be used in
DNA analysis, in medical diagnostics, and in detecting environmental contaminants.

The Promise of LMRI

LMRI introduces a new detection technique that is sensitive enough to detect sam-
ples encoded in low fields or even the Earth’s magnetic field. This makes it possi-
ble to use MRI for samples that contain high magnetic-susceptibility gradients, such

Figure 3 Diagram of the device configured for microfluidic applications. The LMRI Detector
consists of two ~1-cm3 rubidium (87Rb) vapor cells. The beam from a single laser is split into two
equal beams, one for each cell. Water is spatially encoded as it flows first through a magnetic field
(A) and then into two channels within the Imaging Volume, where a gradient RF field is applied
(B). A single outlet channel carries the water past the detector (C).
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as porous material with paramagnetic impurities, (for example, oil reservoir rock),
for medical imaging in the presence of metal implants, and for samples that are too
big to be introduced into the bore of a conventional MRI magnet. Since LMRI
doesn’t require cryogenics, it makes MRI possible in situations where no cryogen-
ics are available, while dramatically reducing cost, size, and maintenance of the
apparatus. Its adaptability to multiple channel detection means that many LMRI
devices can be used simultaneously on a single subject, improving sensitivity and
speed of data acquisition. LMRI’s low power requirements make it deployable as a
compact, battery-powered portable device, and its low cost, simple design, and min-
imal hardware requirements should make it possible to bring these diagnostic capa-
bilities to clinics, doctor’s offices, and developing countries that can’t support con-
ventional MRI.

Figure 4 LMRI images of flow. LMRI images of water flowing through two channels. (A) The
imaging volume within the RF encoding chamber. (B) Remotely detected LMRI image of the cross
section of the encoding volume perpendicular to the flow (xy plane) at t =1.1 s. (C) Time-resolved
images of water flow in the yz plane. Unlike conventional MRI, remote LMRI can monitor signals
continuously. The time-resolved images illustrate this as we observe the complete filling and empty-
ing process of the detection volume. Measurements were obtained with a time interval of 0.1 s. The
spatial resolution is on the order of 1 mm. In a separate study of ours, the spatial resolution of MRI
using the Earth’s magnetic field has reached the sub-millimeter regime, with temporal resolution of
less than 0.1 s. All of the images are color-mapped at the same scale, as indicated below the images.
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10A List your product’s competitors by manufacturer, brand name and model number.

• GE Signa HDx 1.5T for medical imaging;
• Varian Inova 300 for scientific research;
• SQUID (Superconducting QUantum Interference Device) MRI, which is

not commercially available yet but widely used in research institutes such
as Berkeley Lab, Harvard, and NIH. A SQUID utilizes a superconducting
loop to pick up magnetic field changes, which induces current in the loop.
A SQUID detector needs to be immersed in liquid helium at ~4K to main-
tain its superconducting state. LBNL’s US Patent 6,159,444 is an example
of this technology.

10B Supply a matrix or table showing how the key features of your product com-

pare to existing products or technologies. Include both numerical and descriptive

comparisons.

The following table compares our laser-detected MRI technique with conventional
high-field MRI and SQUID-detected MRI.
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10C Describe how your product improves upon competitive products or technologies.

While LMRI devices and SQUIDs both excel at low-field MRI detection, LMRIs
have several unique advantages, including room-temperature operation, simplicity
of design, and low cost. This combination of sensitivity, affordability, and ease of
use opens the door to many applications that otherwise could not benefit from MRI.

Feature LBNL Laser-
Detected MRI

High-field MRI

GE Signa HDx
1.5T/Varian
Inova 300

SQUID MRI

LBNL Device

Competitive Advantage

Cost ~$30,000 ~$1,000,000 ~$100,000 LMRI eliminates both costly superconducting magnets of
high-field MRI and complex electronics of SQUIDs,
making the technology far more accessible to communi-
ties that can‘t afford current MRI machines.

Cryogens No Yes Yes Lack of cryogenics reduces equipment and operation cost,
and allows use in ambient temperature environments.

Multiple detector
capability

Excellent Poor Poor Due to its simple optics and electronics, laser-based mag-
netometers can be multiplexed into an array for greater
detection efficiency and improved resolution. SQUID’s
complex electronics make multiplexing impractical.

Unrestricted
sample size

Yes No Yes Using a low magnetic field, even the Earth’s field, to
encode the sample removes all constraints on the physi-
cal dimensions of the sample. When combined with
remote-detection, LMRI can detect a signal carrier that
has been encoded in dilute concentration within a large-
volume sample of interest. Examples include in vivo
blood flow and oil distribution in large rock samples.

Remote detection Yes No Yes Remote detection allows signal carriers to be concen-
trated into an optimized detection device, enhancing
signal density by three orders of magnitude

Ultralow field
imaging, includ-
ing Earth field

Yes

30-60µT

No Yes

30-60µT

Accommodates heterogeneous samples that are incom-
patible with high-field encoding such as porous rock.

Detection limit
(nuclei)

~1013 ~1013 ~1013 LMRI can match the sensitivity of other MRI tech-
niques.

Weight (pounds) < 100 ~10,000 ~200 Low weight enables portability. Can be carried by 1 or
2 people.

Power
consumption

~0.5 kW >10 kW ~2 kW Low power needs mean that LMRI can work off a bat-
tery, which is critical to portability.

Portability Yes No No Portability opens up a variety of applications, such as
field geology, and rural and battlefield medicine.



• Low-Cost, Affordable MRI. Because of their simplicity of design and
modest infrastructure requirements, LMRI systems have both low capital
cost and low operating cost. For example, because they operate at room
temperature, they don’t need elaborate cryogenic cooling systems. Their
power consumption is also very low, so that high-voltage power systems
aren’t necessary.

• Can be portable for use in the field. Low power requirements will allow
LMRI to operate on a battery. Its weight of less than 100 lbs allows it to be
carried by 1 or 2 people. A portable MRI device would allow for quick
diagnosis of diseases and injuries, for example, in transit to the hospital and
on battlefields.

• Can be multiplexed, so that a large number of sensors can be positioned
around a sample to improve detection efficiency. For example, an MRI of a
patient’s brain could be performed by placing a two-dimensional array of
laser detectors around the patient’s head. (Note: An atomic magnetometry
system has been used experimentally by other researchers for magnetoen-
cephalography (MEG), but not for brain MRI.)

• Optimized detection device geometry and dimensions. Because the sam-
ple doesn’t have to fit within a sample chamber, the detection device geom-
etry can be optimized.

• Easy coupling with other analytical techniques and as an in-line tool
for scientific research. LMRI’s simplicity of design and lack of elaborate
support infrastructure makes it easy to integrate into more complex
experimental systems such as microfluidic “lab-on-a-chip” devices.
Measurements performed inside the bore of superconducting magnets are
often inconvenient, especially for applications involving large chips, or
chips associated with devices that will severely distort the magnetic field if
put in a superconducting magnet.

• Types and Sizes of Samples. Accommodates samples of varying sizes,
from oil field sample cores to molecules.

• Enables imaging of objects and patients that could not previously bene-
fit from MRI. By virtue of low-field imaging, LMRI can be used to image
heterogeneous samples such as porous rock, and paramagnetic and high-
susceptibility samples, such as metals, that can’t be imaged by high-field
MRI. In medical applications, low-field encoding is desirable when high
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magnetic fields would be dangerous, such as for patients with pacemakers,
or where the presence of metal, such as braces or implants, would cause
artifacts. LMRI characterization of geological samples of porous rock
would be valuable, for example, in characterizing the oil content and flow
properties of oil fields.

• More Sensitive Detection by Three Orders of Magnitude. LMRI enables
detection of lower concentrations of species of interest. Remote detection
allows signal carriers to be concentrated into an optimized detection device,
enhancing signal density by three orders of magnitude.

11A Describe the principal applications of this product.

Medical imaging. Because LMRI can detect ultralow magnetic fields, it can be
used for a broad range of patients for whom conventional MRI is not suitable,
including those with metal implants, patients under electronic monitoring, claustro-
phobic patients, and infants. Because of its portability, LMRI is uniquely applicable
for urgent diagnosis before reaching the hospital, such as at the doctor’s office,
while in transport to a hospital, or on the battlefield. Operating at room temperature,
it offers sensitivity comparable to high-field MRI and SQUID magnetometry with-
out cryogens, making operation easier and much less expensive. Its low cost and
lack of cryogens also make it affordable for people in the developing world.

Materials science and energy. Our technique is applicable for imaging materials
that are usually difficult to study with high-field MRI, such as metallic materials,
paramagnetic materials, and large samples that are too big to fit in the bore of a
conventional MRI machine. It uniquely allows researchers to study composite
materials and oil flow and recovery in rocks. In the petroleum industry, especially
in offshore conditions, a day of waiting for a decision to complete a well or to shut
it in can cost tens to hundreds of thousands of dollars. Field monitoring of petrole-
um rock samples provides support for accurate and timely decision-making. At
present small core plugs are cut from the large cores (diameters of 4 to 5 in. are
common) and water and oil are measured in desktop low-field NMR units. LMRI
would allow rapid evaluation of the oil content of whole cores as they are pulled
out of the well. LMRI can also be a versatile tool for developing materials for con-
tainment of nuclear waste.

Microfluidics. Micrometer-scale “lab-on-a-chip” devices are used in DNA analysis
and medical diagnostics, and for detecting environmental contaminants. LMRI can
noninvasively measure the flow behavior of minute samples in multiple channels
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simultaneously, their mixing processes, and redistribution after chemical reactions
or biological events. Because of its low-field sensitivity, LMRI avoids image reso-
lution problems that occur in high-field MRI when one material in the sample has a
much stronger magnetic susceptibility than another.

11B List all other applications for which your product can now be used.

Other applications of the Berkeley Lab LMRI technique include contrast agent
detection in biomedical research and gas-solid interactions in materials science and
chemistry.

Biomedicine

• Screening of pharmaceutical candidates and monitoring drug delivery
in vivo. Our technique enables rapid and efficient screening of molecular
candidates for diagnostic and therapeutic pharmacological agents, as well as
targeted contrast agents for molecular imaging in the body. One promising
application is targeted detection of xenon biosensors. Invented by another
research group at Berkeley Lab, these designed molecules trap xenon atoms
in molecular “cages” that have been functionalized to bind to regions with a
particular target, such as arterial plaques or cancer cells. LMRI will provide
a sensitive detection method [Appendix C, Reference 5].

• Direct detection of magnetic biological markers. Magnetic particles are
used in biomolecular labeling and cell separation, and as contrast agents for
MRI. LMRI can be used to characterize the magnetization of these parti-
cles and monitor their behavior [Appendix C, Reference 4].

Materials and Chemical Science

• Gas-solid interactions can be monitored to optimize conditions for desired
chemical reactions, with applications such as optimization of catalysts, and
waste or toxic gas storage.

12 Summary. State in layman’s terms why you feel your product should receive an

R&D 100 Award. Why is it important to have this product? What benefits will it pro-

vide?

Laser-detected MRI is an elegant solution to MRI’s inherent limitations in encoding
and detecting the faint MRI signal. It overcomes many of conventional MRI’s lia-
bilities, including magnet size, high cost, limits on sample size, frequent misalign-
ment between the optimal encoding and detection conditions, and support and
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maintenance requirements, all of which have hampered the extension of MRI to
new applications.

Conventional high-resolution MRI involves a substantial capital investment and
ongoing operational costs associated with large magnets, cooling systems, shielded
rooms, and a support staff. For many applications, Laser-detected MRI can be sev-
eral orders of magnitude more sensitive than conventional systems. This means
that magnets can be much smaller and therefore less expensive, with less need for
operational support systems. Reducing the cost and hardware requirements of med-
ical MRI creates the possibility of deploying the technology in clinics or even doc-
tors’ offices, and in emerging countries that can’t support conventional MRI.

Laser detection makes MRI far more flexible, and the feasibility of using small and
even portable magnets with these sensitive detectors creates opportunities for indus-
trial applications, especially in analysis of large samples and the ability to bring this
technology to the field.

Low-field encoding, in combination with laser detection, will enable study of het-
erogeneous materials from petroleum reservoir rock to organisms and tissue, with
the potential to detect early onset of amyloid plaque diseases such as Alzheimer’s
disease, prion diseases such as mad cow disease, and cancer.

There is no imaging or spectroscopic tool that has the rich combination of capabili-
ties found in MRI. However, full application of these capabilities has been stymied
by the technology’s current constraints. Laser-detected MRI removes these con-
straints for many uses and opens a pathway to new and exciting applications.
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13 Contact person to handle all arrangements on exhibits, banquet, and publicity.

Name Pamela Seidenman
Position Marketing Manager, Technology Transfer
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Country USA
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E-mail PSSeidenman@lbl.gov
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• Paul Callaghan; Alan MacDiarmid Professor of Physical Sciences; Director,
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Radiology, Neurosciences, and Medicine, University of Minnesota; Director,
Hochfeld Magnetresonanz Zentrum, Max Planck Institute
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R&D100 Award Selection Committee 
c/o Pamela Seidenman 
Marketing Manager, Technology Transfer 
Lawrence Berkeley National Laboratory 
One Cyclotron Road, MS 90-1070 
Berkeley, CA 94720 
 
 
19 February 2007 
 
 
 
Dear Members of the 2007 R&D100 Award Selection Committee: 
 
 
I would like to offer my most enthusiastic and extremely strong support for the 2007 R&D100 
Award application of laser-detected magnetic resonance imaging (LMRI) technique, invented by 
Alex Pines et al. at the Lawrence Berkeley National Laboratory. This technique is absolutely 
novel and revolutionary for the detection of magnetic resonance. It is based on totally new 
principles that are far different from what has been employed to date since the discovery of the 
magnetic resonance phenomenon.  It eliminates the superconducting magnet and cryogenics, 
which have long been considered as the essential components of magnetic resonance. With this 
technique, problems associated with conventional MR detection, such as magnetic susceptibility 
mismatch and poor portability, are overcome. Therefore it holds great promise for applications in 
various areas that magnetic resonance and in particular magnetic resonance imaging (MRI) is 
normally not associated with, including microfluidic study for drug screening, materials study 
and development, and biological analysis.  
 
As the director of the Center for Magnetic Resonance Research (CMRR), a world-leading 
research facility in MRI, and the director of the High Field Magnetic Resonance Center 
(HFMRZ) that is being established in the Max Planck Institute in Germany, I am particularly 
impressed by the great potential of LMRI in biomedical applications. With this technique, it will 
be possible to manufacture hand-held MRI devices to provide complimentary information to 
conventional MRI. The low cost will allow frequent monitoring of potential patients at home, at 
clinics, and in less-developed regions. The information obtained will play an important role for 
early discovery and cure of diseases. Furthermore, it is applicable for patients with metal 
implants, in contrast to conventional MRI. 

UNIVERSITY OF MINNESOTA 

Twin Cities Campus Center for Magnetic Resonance Research 
Medical School 

2021 Sixth Street SE 
Minneapolis, MN 55455 
612 626 2001 
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I therefore strongly encourage the selection committee to choose Berkeley Laboratory’s LMRI as 
a recipient of this year’s R&D100 Award. 
 
Sincerely yours, 

 
Kâmil Uğurbil  
Director, Center for Magnetic Resonance Research 
McKnight Presidential Endowed Chair Professor in Radiology 
Professor, Departments of Radiology, Neurosciences, and Medicine  
 
Director, Hochfeld Magnetresonanz Zentrum, Max Planck Institute 
Tuebingen, Germany 
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• MedicalPhysicsWeb, “When MRI loses its magnets,” http://medicalphysic-

sweb.org/cws/Articles/ViewArticle.do?channel=research&articleId=25996
• Technology Review, “Cheap, Portable MRI,”
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• Photonics.com, “Cheap, Quiet Portable MRI Successfully Tested,”
http://www.photonics.com/content/news/2006/September/8/84397.aspx
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INSTRUMENTATION

Portable MRI
Optical magnetometer detects magnetic resonance image of flowing 
water

Celia Henry Arnaud

A magnetic resonance imaging (MRI) method developed at the University of California, Berkeley, requires neither 
high-field magnets nor cryogenics. Such a method could be used to develop portable, compact, and inexpensive 
imaging devices for nonclinical applications.

Proc. Natl. Acad. Sci. USA
©2006

Flowing Magnetic 
resonance images detected 
with a magnetometer 
capture the flow of water 
through two microfluidic 
channels.

The technique "is the latest in a growing field of alternative measurement techniques for magnetic resonance that aim 
to make low-field magnetic resonance a viable alternative to conventional high-field approaches," says Andrew G. 
Webb, director of the Huck Institute Magnetic Resonance Centre at Pennsylvania State University.

Such detection methods are made possible by separating the three stages of the MRI experiment—polarization of the
nuclear spins, spatial encoding, and detection. Each stage can then be optimized independently.

A team of researchers led by UC Berkeley chemistry professor Alexander Pines and physics professor Dmitry Budker
used an optical magnetometer to obtain a magnetic resonance image of water flowing through two microfluidic 
channels (Proc. Natl. Acad. Sci. USA, DOI: 10.1073/pnas.0605396103). The magnetometer determines the 
magnetization of the sample by measuring its effect on the polarization of a laser beam shining through rubidium vapor.

The components of the magnetometer are small and potentially inexpensive. "The optical method needs no high-field 
magnet or cryogenics, so it should be relatively straightforward to miniaturize and maybe multiplex," comments NMR 
expert M. Daniel Raftery of Purdue University. "You can think about making a portable device that can do some very 
interesting imaging experiments."
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Budker hopes that such portable devices could be used in places such as Africa that might not be able to afford 
expensive instrumentation. "We see this as a first step in that direction," he says.

Pines cautions that such a technique will never compete with conventional MRI. Instead, he sees it as being useful for 
applications in microfluidics, geology, and cell biology.
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Copyright © 2006 American Chemical Society
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MRI requires clunky, expensive hardware located in shielded rooms and subject to stringent
safety guidelines. Right? Wrong, according to a team of scientists from the Lawrence Berkele
National Laboratory and the University of California at Berkeley in the US. The researchers h
invented a laser-based technique that, they claim, could form the basis of a cheap, compact
portable MRI system (Proc. Natl Acad. Sci. 103 12668). 

MRI relies on the fact that atomic nuclei with an unpaired proton or neutron spin like miniature 
- a characteristic that gives them magnetic moments. When exposed to a magnetic field, these t
magnets attempt to align their axes with it. The alignment is not exact, however, so the nuclei 
precess in a way that is unique to each type of atom. When a gradient magnetic field is applied,
precession depends also on the physical location of the nuclei, and this spin manipulation of the
nuclei with the magnetic field is known as "signal encoding". 

In a conventional MRI system, the nuclei are also hit with an RF pulse that makes them absorb an
re-emit energy at a frequency dependent on their rate of precession. This energy is picked up by
RF coil, which sends the data to a computer system to generate the image. To generate a signal
strong enough for the coil to detect, the magnetic field used to align the nuclei must be 
exceptionally strong - so large that expensive magnets are required. 

The California team's breakthrough was to come up with a more sensitive detection technique, 
enabling MRI to be carried out with a much weaker magnetic field. Doing away with the large 
magnets means that the equipment can be relatively compact, and the potential for side-effects
from exposure to strong magnetic fields is eliminated. The equipment could also be brought out
the hospital because there is no need for a shielded room. 

"Our technique provides a viable alternative for MRI detection with substantially enhanced 
sensitivity and time resolution for various situations where traditional MRI is not optimal," said te
leader Alexander Pines, a professor of chemistry at UC Berkeley who also works at Lawrence 
Berkeley. 

Separation and optimization 
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Wednesday, September 13, 2006

Cheap, Portable MRI
A new device uses inexpensive, low-power magnets and lasers to create 
images for materials and biomedical applications.
By Courtney Humphries

Researchers have come up with a new technique for magnetic resonance imaging 
(MRI) that's much cheaper and more portable than current technology. Although it's 
not feasible for many traditional medical applications, the device could be useful, they
say, in the fields of biotechnology, geology, and industry, where high-power magnets 
are too expensive or samples contain magnetic properties that interfere with high 
magnetic fields.

MRI scanners create images of the inner structures of living tissues, the flow of fluids 
through pipes, or the structure of objects such as rocks and fossils. The main drawback 
of MRI is that it requires powerful magnetic fields generated by superconductive 
magnets to produce detectable signals, which makes it an expensive and unwieldy 
technology. 

A new and radically different MRI device, developed in the labs of Alexander Pines
(http://waugh.cchem.berkeley.edu/) and Dmitry Budker
(http://socrates.berkeley.edu/~budker) at the University of California, Berkeley, could 
solve those problems. It relies on low-power magnets and costs only a few thousand 
dollars. The team eventually hopes to minimize the current setup and thereby create a 
handheld, battery-powered device that can be used anywhere. 

"Both this group and other people are looking around and saying, let's forget about the 
typical way we do magnetic resonance," says Andrew Webb
(http://www.bioe.psu.edu/faculty/Webb.html) , an MRI specialist at Penn State 
University. This approach offers "a completely different way of detecting this MRI 
signal," he says.

In traditional MRI scanners, a strong, uniform magnetic field forces some of the 
hydrogen atoms inside a patient or sample to "spin" in the same direction. A 
radio-frequency pulse then makes the aligned hydrogen atoms shift direction and enter 
a high-energy state. When the pulse ends, these atoms gradually realign while giving 
off energy. A magnetic coil in the MRI machine can detect this energy, which is used 
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to create the image.

The new device, called an optical atomic magnetometer, is designed to image fluids 
like gasses and water. The sample material is first polarized with a magnet. Then it's 
exposed to a varying magnetic field, in which each atom in the sample receives a 
different level of magnetism, giving it a different spin. 

The sample then moves into a detection chamber. Unlike traditional MRI, though, 
where the structural information is detected using a magnetic coil, Budker's lab 
developed a way to detect the MRI signal using light. A glass cell near the chamber is 
filled with rubidium atoms, which are highly sensitive to changes in magnetic fields 
and can detect magnetic signals from the sample. When a laser light probes the 
rubidium atoms, they change the polarization of the laser light according to the 
strength of magnetic fields they sense. The signals can then be reconstructed into an 
image. (A description of the device and preliminary results were published last month 
in the Proceedings of the National Academy of Sciences.)

"The most interesting aspect of the study is it combines two technologies that are both 
young and could be improved further," says Michael Romalis
(http://www.atomic.princeton.edu/romalis/) , a physicist at Princeton University who's 
developing similar MRI techniques. With these two technologies, "you can make a
pretty simple and inexpensive system," he says.

Although it provides a creative solution to some imaging problems, the method is 
probably not suitable for widespread medical use at the moment. Because it relies on 
accessing the fluids that are imaged, the most feasible medical application would be 
imaging the lungs using a polarized gas, says Shoujun Xu, a member of Pines' lab. 

Instead, geologists could use it in the lab to study fluid-filled porous rock samples, 
which often contain magnetic impurities that interfere with high-power magnets. And 
with further improvements it might someday be used by the petroleum industry to 
study porous materials like oil fields and reservoir rocks, which also have magnetic 
impurities. 

The researchers also anticipate applying the technique in microfluidics, which uses 
small-scale "lab-on-a-chip" technologies to study biological processes, screen for new 
drugs, and test toxicity levels in water. Currently, chips must be specially 
manufactured for use in high-powered magnetic fields in order to monitor fluids and 
chemical reactions with MRI.



The laser-based approach to MRI physically separates the two basic steps of MRI - signal encodin
and detection - so that each can be optimized for sensitivity. For example, when the team teste
the technique by imaging water flow, the water was first passed through a weak magnetic field 
where the nuclei were spatially encoded. It was then transported to a separate detection area 
where the signal was read by a pair of devices called optical atomic magnetometers. 

Each magnetometer contains a sample of vaporized atoms, with each atom featuring a single 
unpaired electron. These lone electrons make the atoms behave like spinning bar magnets. A 
polarized laser beam is then passed through the vapour; the laser's interaction with the atoms - 
the presence of the water - causes the angle of polarization to change. This effect correlates to
magnetization of the encoded water sample and can be measured precisely. 

While the technology is unlikely to compete with conventional MRI, being small, cheap and 
relatively simple to use could mean that it will find its niche outside the hospital. The team hop
the invention might form the basis of a device suitable for use in countries without access to 
expensive imaging equipment, for example. "Our system is fundamentally simple and does not 
involve any single expensive component," said UC Berkeley physicist Dmitry Budker. "We anticipa
that the whole apparatus will become quite compact and deployable as a battery-powered porta
device." 

Clearly, it's a big step from imaging water flow to imaging a person, but there is no reason why t
technique should not be able to develop in this direction. "We are optimistic about the further 
development of our technique and applying it for medical applications in the near future," said X
"One of the challenges is to improve the detection efficiency since the human body is of substan
size and the magnetic field decreases when the detector is far away from the source." 

About the author 
Michelle Jeandron is science and technology reporter on medicalphysicsweb. 

Further reading 
Shoujun Xu et al. 2006 Construction and applications of an atomic magnetic gradiometer based o
nonlinear magneto-optical rotation Rev. Sci. Instrum. 77 083106. 
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Laser-driven MRI scanner promises portability
17:39 07 September 2006
NewScientist.com news service
Robert Adler 

Magnetic resonance imaging no longer requires
a roomful of equipment – including
superconducting magnets that must be cooled
to extreme temperatures.

A multidisciplinary team from Lawrence 
Berkeley National Laboratory in California, and 
the University of California, Berkeley, both in 
the US, have developed a highly sensitive laser
detector that produces magnetic resonance 
images at room temperature using low-power, 
off-the-shelf magnets. 

MRI works by measuring minute magnetic 
signals from atomic nuclei whose "spins" have 
been aligned using external magnetic fields. As
different atoms react differently, this provides a 
unique way to image tissue inside the human 
body or analyse many other materials.

However, conventional MRI scanners use 
induction coils with limited sensitivity to pick up 
magnetic signals. This requires powerful magnetic fields that must be generated using costly, cryogenically
cooled superconducting magnets.

Atomic alignment

Dmitry Budker, and colleagues in the physics department at the University of California, provided part of an
alternative solution by developing a radically different detector. It uses polarised laser light to align rubidium 
atoms in a vapour. 

The atomic alignment changes in response to faint magnetic signals and the same laser can measure 
these slight changes. This means much less powerful magnets can be used to align atomic nuclei for 
imaging. "It's a particularly simple technique," Budker says. "All we deal with are laser beams, which are 
easy to manipulate and detect."

The team's so-called "magneto-optical detector" is nearly as sensitive as a superconducting quantum 
interference device (SQUID), which uses quantum-tunnelling effects to detect magnetic fields. But 
SQUIDs, like conventional MRI scanners, require ultra-low temperatures. "Our detector is basically a 
room-temperature technology," Budker says.

A team led by Berkeley chemist Alexander Pines produced a second key innovation, by developing a 
means of encoding and detecting the magnetic signal in separate locations. In an experimental set-up, 
water flowing through a tube was exposed to a magnetic field at one point. The magnetic signals from 
atomic nuclei in the water were then measured approximately a second later using the laser detector at 
another point. Separating these processes makes it possible to improve the sensitivity of the detector 
further. "That has orders-of-magnitude advantages," Pines adds.

Handheld devices

Postdoctoral researcher Shoujun Xu led a group that then integrated the two innovations, building a 
table-top machine capable of producing room-temperature magnetic resonance images. "We got rid of the 
cryogenics," Xu told New Scientist. "That's important because superconducting magnets cost millions of 
dollars."

Both Xu and Pines say the apparatus could be scaled down to handheld size and he envisions further 
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miniaturisation, for use in a microfluidic system incorporating a laser detector. The team foresees various 
applications, from imaging minerals and fluids to biochemical and medical analysis.

Michael Romalis, an atomic physicist at Princeton University in New Jersey, US, applauds the team's work.
"The really exciting thing is that it combines optical magnetometry and remote nuclear magnetic 
resonance," he says. "It opens the possibility of making something very portable and simple for many 
applications."

Journal reference: Proceedings of the National Academy of Sciences (vol 103, p 12668)
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Cheap, Quiet, Portable MRI Successfully Tested
 
BERKELEY, Calif., Sept. 8, 2006 -- The term MRI often conjures up images 
of a huge, heavy, doughnut-shaped machine in a hospital's special treatment 
room that costs a lot of money and makes a lot of noise. But researchers are 
looking to change that perception with the successful testing of a laser-based 
MRI technique that would make the technology compact and portable, relatively cheap and quiet.  
 

"We have developed a novel approach for the detection of MRI based 
on optical atomic magnetometry," said chemist Alexander Pines, one 
of the world's leading authorities on NMR/MRI technology and leader 
of the US Department of Energy's Lawrence Berkeley National 
Laboratory (Berkeley Lab) team. Pines holds a joint appointment as a 
chemist with Berkeley Lab's Materials Sciences Div. and with UC 
Berkeley, where he is the Glenn T. Seaborg Professor of Chemistry. 

"Our technique provides a viable alternative for MRI detection with substantially enhanced 
sensitivity and time resolution for various situations where traditional MRI is not optimal."  
 
Pines led the development of this new MRI technique along with Dmitry Budker, who holds a joint 
appointment with Berkeley Lab's Nuclear Science Div. and UC Berkeley's Physics Department. 
Shoujun Xu, a member of Pines's research group, conducted the MRI measurements. The three 
were co-authors of a paper about this technique which appeared in the Aug. 22 edition of the 
Proceedings of the National Academy of Science (PNAS). Other authors of the PNAS paper were 
Valeriy Yashchuk, Marcus Donaldson and Simon Rochester.  
 
MRI, which stands for magnetic resonance imaging, and its sister technology, nuclear magnetic 
resonance (NMR) spectroscopy, are based on a property of atomic nuclei with an unpaired proton 
or neutron called "spin." Such nuclei spin on an axis like miniature tops, giving rise to a magnetic 
moment, which means the nuclei act as if they were bar magnets with a north and south pole. 
When exposed to an external magnetic field, these spinning "bar magnets" attempt to align their 
axes along the lines of magnetic force. Since the alignment is not exact, the result is a wobbling 
rotation, or "precession," that's unique to each type of atom. 

Shoujun Xu, a member 
ofÂ Alexander Pines's Berkeley 
Lab research group, conducted 
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the measurements that 
demonstrated a new low-cost, portable MRI technology. 

If, while exposed to the magnetic field, the precessing nuclei are also hit with a radio frequency 
(RF) pulse, they will absorb and re-emit energy at specific frequencies according to their rate of 
precession. When the RF pulse is combined with magnetic field gradients, a spatially encoded 
signal is produced that can be detected and translated into images.  
 
Obtaining a spatially encoded MRI signal from a sample depends upon polarizing the spins of its 
precessing nuclei so that an excess points in one direction, either "up" or "down." Conventional 
MRI technology uses an exceptionally strong external magnetic field to produce a detectable 
signal. The stronger the magnetic field, the stronger the signal, which means a large and expensive 
cryogenic high-field magnet.  
 
A smaller magnet results in less polarization and a weaker MRI signal, which therefore requires a 
more sensitive means of signal detection. One alternative being explored is the use of SQUIDs 
(superconducting quantum interference devices), which can detect the faintest of magnetic signals 
but must be cooled to a temperature of near absolute zero. This requirement makes SQUIDs 
expensive and somewhat tricky devices to use. It also limits the situations in which they can be 
effectively deployed.  
 
The alternative MRI technology being developed by Pines, Xu, Budker and their colleagues is also 
highly sensitive to low-field magnetic signals but offers the enormous advantage of being operable 
at room temperatures.  
 
Said Xu, "Our technique has comparable sensitivity with SQUIDs, but the fact that it does not 
require superconducting magnets or cryogenics significantly reduces the cost and maintenance of 
the apparatus, and opens the technology up to a broader range of applications. Furthermore, our 
technique has simple electronics that can be easily integrated into detector arrays." 

This volume of water was imaged using an 
MRI technology based on remote sensing 
and optical atomic magnetometry. It was 
developed under the leadership of 
Berkeley Lab scientists Alexander Pines 
and Dmitry Budker. 

This new laser-based approach to MRI is derived 
from two technological advances. One, 
developed by the Pines research group, 
physically separates the two basic steps of MRI, 
signal encoding and detection. Physically 
separating these two steps enables each to be 
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optimized for sensitivity.  
 
The other advance, developed by the Budker research group, is a highly sensitive atomic 
magnetometer that's based on a phenomenon called "nonlinear magneto-optical rotation." With this 
magnetometer, a sample of alkali atoms featuring a single unpaired electron is vaporized in a glass 
cell. The unpaired electron makes the atoms themselves act like spinning bar magnets, with a 
magnetic moment three orders of magnitude stronger than that of precessing nuclei.  
 
A beam of laser light "pumps" the atoms so that their spins are polarized, then "probes" the 
polarized atoms for an MRI signal.  
 
According to Budker, instead of the multimillion dollar costs of a conventional MRI system, this 
alternative MRI technology would cost only a few thousand dollars to implement.  
 
"Our system is fundamentally simple and does not involve any single expensive component," 
Budker said. "We anticipate that the whole apparatus will become quite compact and deployable as 
a battery-powered portable device."  
 
In the MRI system that the Berkeley researchers tested, the fluid to be imaged -- water -- was 
passed through two small cells for signal encoding, then transported to a U-shaped detection area 
for interrogation by a pair of Budker's magnetometers. The magnetometers were oriented so that 
they detected the MRI signal with opposite signs. This configuration dramatically improved the 
signal-to-noise ratio, enabling the researchers to detect an MRI signal from microliters of water in 
0.1 second without the presence of a strong magnet.  
 
"We are continuing to optimize our system, in both sensitivity and detection efficiency, to make this 
technique suitable for microfluidics and biological objects with sizes in the micrometer regime," said 
Xu. "In addition, further consolidation of the apparatus is underway so that the whole setup 
becomes portable and therefore can be conveniently utilized as an in-line analytical instrument for 
monitoring chemical reactions and biological processes."  
 
For more information, visit: www.lbl.gov 
Â   
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MRI without the magnet
Daniel Raftery*
Department of Chemistry, Purdue University, West Lafayette, IN 47907

T
here is no doubt that magnetic
resonance imaging (MRI) has
had an enormous impact in sci-
ence and medicine. Dating back

to the initial ‘‘zeugmatography’’ work of
Paul Lauterbur (1) and echo-planar im-
aging by Peter Mansfield (2) in the
1970s that resulted in their 2003 Nobel
Prize, MRI has undergone dramatic
progress over the ensuing years (3). For
example, functional MRI is being widely
used to diagnose disease and to probe
some of the deep secrets in our brains
in terms of how we respond to stimuli
(4, 5). A number of technical enhance-
ments, such as the use of multiple trans-
mitter and receiver coils (6) or new
pulse sequences, have improved sensitiv-
ity and selectivity significantly. However,
one unfortunate requirement in MRI is
the need to employ a large and expen-
sive cryogenic high-field magnet, which
is used both to polarize the sample and
to help detect the image. Xu et al. (7)
describe an innovative new approach in
this issue of PNAS that eliminates these
constraints. The work involves two ad-
vances, one previously reported in this
journal (8), in which the signal of an
MRI image is encoded in one region
while the detection takes place in a
separate region, and the second involv-
ing the use of a sensitive magnetometer
in a unique way that performs detec-
tion. The basic idea of the experiment
based on these two advances is depicted
in the Fig. 1.

It is useful to put the work in context.
Progress in imaging can be made on
many fronts, including the three parts of
the imaging experiment depicted in Fig.
1. The early work of Lauterbur and
Mansfield involved the development of
image encoding, and much innovative
work in the form of new radio fre-
quency pulse sequences is currently fo-
cused in this area. Enhanced images can
also be made by creating a highly polar-
ized sample because the signal-to-noise
ratio (SNR) of the image is proportional
to the initial nuclear polarization. In
addition, because polarizations attain-
able in high magnetic fields are typically
�100 ppm, there is plenty of room to
make improvements. Beyond the use of
larger (and more expensive) magnets,
one approach that appears promising is
the use of optical pumping (9) that cre-
ates an opportunity to improve the SNR
of magnetic resonance dramatically (10).
Currently, polarizations up to 70% have
been reported under static and flowing

conditions (11, 12). This approach was
adapted quickly by the imaging commu-
nity (13). Hyperpolarized gas imaging is
attractive in that it can be used to image
void spaces, including internal biological
cavities (lungs, stomach, etc.) as well as
being useful to carry polarization to
other locations via the bloodstream (14).
An alternative method for producing
hyperpolarized tracer molecules is to use
dynamic nuclear polarization (DNP),
which also appears very promising (15).
In this case, one can contemplate target-
ing proteins or tissues by using hyperpo-
larized ligands.

A third area of research involves
advances in detection. Beyond the stan-
dard methods of inductive detection
inside the MRI magnet, a number of
approaches are being developed that
may improve imaging systems. One ap-
proach involves the use of super con-
ducting quantum interference devices
(SQUIDs) (16), which dramatically im-
prove the detection sensitivity at low
frequencies. SQUIDs act as magneto-
meters in that they measure the size of
the magnetic field or magnetization
present, and they are exquisitely sensi-
tive, with noise levels as low as 1
fT�Hz0.5. However, they are somewhat
finicky devices and are quite susceptible
to stray magnetic fields. Their adoption
by scientists in the magnetic resonance
community has been slow, even though
they have most notably been used for
detecting and imaging brainwaves (mag-
netoencephalography) for some time
(17). Wong-Foy et al. (18) previously
showed how to combine the high polar-
ization of optically pumped gases with
remote SQUID detection to detect an

image of the polarized gas at very low
field. However, this approach has some
drawbacks because of the difficulty of
operating the SQUID detectors and
their required cryogenic cooling.

Optical magnetometers also hold
promise for improving the sensitivity of
some NMR and MRI experiments. The
use of optical magnetometers to detect
the small, external magnetization of con-
tained samples was reported almost 40
years ago (19). However, recent ad-
vances in optical magnetometry have
prompted some new possibilities: The
sensitivity has been improved to 0.5
fT�Hz0.5 (20), and the magnetic reso-
nance of hyperpolarized xenon and wa-
ter has been reported using improved
methods (21, 22). However, imaging has
not been reported to date.

The work by Xu et al. (7) combines
some very promising features. By sepa-
rating the image encoding and detection
regions of their experiment, a larger re-
gion can be imaged without loss of sen-
sitivity. Thus the imaged fluid, water, is
transported from the two cylindrical
tubes of 2.5-cm length to the magneto-
meter, which has a much smaller detec-
tion volume. In addition, the authors
have worked out a very elegant method
to improve the sensitivity of their mag-
netometer. The use of two oppositely
oriented magnetometer detectors, ar-
ranged in an antiparallel configuration,
makes the overall device sensitive to
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Fig. 1. Schematic diagram of the MRI experiment. MRI is normally performed by using a high magnetic
field to create a large nuclear spin polarization, followed by a radio frequency pulse sequence and field
gradients to encode the image spatially, and Faraday inductive detection. In the experiment described by
Xu et al. (5), detection is carried out by using an atomic magnetometer, and only a small magnet is
necessary to polarize the sample.
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differential signals. This approach allows
a significant cancellation of background
magnetic f luctuations because they tend
to be relatively homogeneous in nature
but varying in time. To detect the signal
of interest, water, the fluid is trans-
ported to and from the detector in a
U-shaped tube in such a way that one
part of the magnetometer detects the
ingoing magnetic f lux (i.e., the south
pole) of the incoming fluid, whereas the
other half of the magnetometer detects
the emanating flux (the north pole) of
the outgoing fluid’s magnetization. This
arrangement gives rise to the desired

differential signal, which improves the
SNR dramatically over background
noise signals. The authors can thus de-
tect the magnetization from 10 �l of
water in 0.1 sec without the presence of
a large magnetic field. Improvements to
the experiment should provide signifi-
cant enhancements beyond these initial
results, according to the authors.

One constraint that still remains is
that the sample must be transported
into the magnetometer. This constraint
may limit the new approach to flow im-
aging or at least make many types of
human imaging challenging because of

the difficulty of accessing fluids (such as
in brain imaging). However, with further
development, a number of possible ap-
plications come to mind. It should be
possible, for example, to make certain
types of MRI portable, because the
large magnetic field and cryogenic cool-
ing are no longer required. In addition,
because the magnetometer detector is
relatively inexpensive and compact, it
may be miniaturized and multiplexed.
Further development of magnetometer-
based imaging may make the expensive
parts of MRI optional and lead to a
wealth of opportunities.
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We report an approach for the detection of magnetic resonance
imaging without superconducting magnets and cryogenics: optical
atomic magnetometry. This technique possesses a high sensitivity
independent of the strength of the static magnetic field, extending
the applicability of magnetic resonance imaging to low magnetic
fields and eliminating imaging artifacts associated with high fields.
By coupling with a remote-detection scheme, thereby improving
the filling factor of the sample, we obtained time-resolved flow
images of water with a temporal resolution of 0.1 s and spatial
resolutions of 1.6 mm perpendicular to the flow and 4.5 mm along
the flow. Potentially inexpensive, compact, and mobile, our tech-
nique provides a viable alternative for MRI detection with sub-
stantially enhanced sensitivity and time resolution for various
situations where traditional MRI is not optimal.

low field � remote detection

Magnetic resonance imaging (MRI) is used in fields as
diverse as medicine, material science, and geology to

noninvasively extract unique information from samples ranging
from human tissues to solid silicone rubber to porous rocks (1,
2). Traditional MRI is limited, however, by the use of high
magnetic fields. MRI generally uses Faraday induction (which at
a given initial level of polarization yields a signal with magnitude
proportional to the static magnetic field) to detect the changes
in magnetic f lux generated by the Larmor precession of the
nuclear spins in the sample (3). A superconducting magnet is
typically used to provide a strong magnetic field and increase
signal; the resulting cost and constrained accessibility limit the
applicability of MRI. Furthermore, high fields are not favorable
for certain measurements, including those involving heteroge-
neous samples with large magnetic-susceptibility gradients. Low-
field MRI would eliminate the costs and constraints of the
superconducting magnet and allow experiments that are cur-
rently inhibited by high-field susceptibility issues. Measurements
in low fields are typically problematic, however, because tradi-
tional Faraday detection suffers from low sensitivity at fields
much less than a Tesla.

For improved sensitivity at low fields, superconducting quan-
tum interference devices (4–6) have been used in MRI (7, 8).
Unfortunately, these devices require cryogenics, which add
significant cost and exclude applications where cryogenics are
not readily available, such as in open fields and space. The
sensitivity to a dc magnetic field is also rather poor. Further-
more, because of fairly complicated electronics, implementation
of multiple-channel detection to enhance detection sensitivity
and efficiency is not convenient. A different technique is needed
to overcome these limitations. Recent developments in optical
atomic magnetometry (9–11), which is based on magneto-optical
rotation in a ‘‘sensor’’ atomic vapor, have made it a viable
alternative for detecting weak magnetic fields, eliminating the
need for cryogenics and complicated electronics (12). Applica-
tions of atomic magnetometers have been demonstrated only
with simple free induction decay of nuclear magnetization (13,
14). We here report MRI by optical atomic magnetometry.

Another major factor affecting detection sensitivity is the
filling factor of the sample. When the nuclear spins are spread
out over a large volume, detection becomes less sensitive. For
fluidic analytes, the spins can be concentrated in a detection
region and the problem can be circumvented by remote detection
(15–17): a sample is first prepolarized; then it enters an encoding
region where large radio frequency coils that cover the whole
sample area store spectroscopic or spatial information as nuclear
magnetization along the longitudinal axis; downstream the sam-
ple is concentrated and its magnetization is measured with
improved filling factor.

By adopting a remote-detection scheme, the sensitive detec-
tors become immune to the encoding magnetic fields and allow
measurements to be performed continuously. The possible
coupling of various detection methods with remote detection is
schematically illustrated in Fig. 1.

In this article, we demonstrate the application of optical
atomic magnetometry to low-field MRI, with time-resolved
images of water flow obtained by using remote detection.

Results and Discussion
A typical f low profile (average of 30 measurements) is shown in
Fig. 2. After the encoding � pulse, the signal (the absolute
magnetization difference) reaches its maximum at 1.1 s, with a
time dispersion of 1.0 s (full-width half-maximum). The disper-
sion results from time variation in the transfer of water from the
encoding channels to the thinner transport tube.

Magnetic resonance images obtained by phase encoding are
demonstrated in Fig. 3. Fig. 3A shows a schematic of the
encoding volume, which is composed of two parallel cylindrical
channels. Fig. 3B shows the image of the cross-section (the xy
plane) of the encoding volume perpendicular to the flow direc-
tion. For imaging in the plane of the flow direction, gradients Gy
and Gz are applied. The resulting images are shown in Fig. 3C.
The lower parts (outlet side of the encoding volume) of the
images represent those portions of the sample closer to the
magnetometer and therefore arriving at the detection region
earlier, starting at 0.5 s. In the frame at 1.1 s, the intensity
distribution shows that the detection volume is filled with the
encoded water, consistent with the maximum difference signal in
the flow profile of Fig. 2. Then water flows out of the detection
region, with the upper parts (inlet side of the encoding volume)
lasting until 2.3 s. Therefore the images demonstrate the flow
behavior, temporally and spatially resolved, of the encoded
water. The temporal resolution is 0.1 s. The spatial resolution of
the images is 1.6 mm cross the flow and 4.7 mm along the flow
direction, each being 1�5 of the overall length along the respec-
tive axis, corresponding to a detection limit of 10 �l.

The imaging resolution can be further improved. Currently, it
is affected by the long time delay between samples leaving the
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prepolarization and arriving at the detection region, as the
polarization of water relaxes exponentially during this period.
The total time delay in the present experiments, 2.5 s, can be
shortened to �0.1 s by reducing the travel volume, resulting in
a detection limit of �1 �l of thermally polarized water, with a
temporal resolution �0.1 s. In addition, the prepolarization field
can be increased to 1 T with permanent magnets, bringing the
detection limit into the nanoliter regime, corresponding to
micrometer resolution in all three dimensions. With further
optimization and improvement to the magnetometer, such as
adding more detection channels decreasing distance between the
rubidium cells and the sample for a better detection filling factor,
we expect to gain another order of magnitude in sensitivity.

Our technique has several advantages over conventional MRI.
It directly measures the magnetic field generated by the sample,
as opposed to the conventional measurement in the transverse
plane; because no radio frequency pulses are applied to the
encoded sample for detection, signals can be continuously
monitored. The time-resolved images illustrate this as we ob-
serve the complete filling and emptying process of the detection
volume. Low-field detection also opens up avenues of investi-
gations of samples that contain high magnetic-susceptibility
gradients, such as the study of porous material with paramag-
netic impurities and medical imaging in the presence of metal
implants. This technique is also useful for samples that are too
big to be introduced into the bore of a superconducting magnet.
Furthermore, atomic magnetometers require no cryogenics,
making MRI applicable for situations where no cryogenics are
available, while dramatically reducing cost, size, and mainte-
nance of the apparatus. Finally, the system can be designed to use
an economical miniature vertical-cavity-surface-emitting laser,
and the electronics and optics can be consolidated for multiple

channel detection. We anticipate that the whole apparatus will
become quite compact and deployable as a battery-powered
portable device.

A small, highly sensitive MRI scanner will be suitable for
remote microfluidic MRI recently developed in our laboratory
by using high-field detection (18), making it possible to charac-
terize noninvasively the flow and reactions in microchannels in
low magnetic fields. The apparatus can be used as an in-line
analytic tool where a large high-field instrument is impractical to
perform measurements without disturbing ongoing chemical or
biochemical reactions. Our results also show that the spatial
information encoded as longitudinal magnetization is preserved
during the course of travel and subsequently resolvable by
detection of the magnetization in the detection region. This
spatial resolution will be useful in low magnetic fields where
chemical shifts are not resolvable: chemically different samples
located in separate microchannels can be encoded spatially and
still give chemical-specific information based solely on physical
location. Spatial encoding also allows for the study of flow
dynamics of multiple components simultaneously, without the
need for chemical differentiation.

In conclusion, we have presented results for low-field MRI
using an optical atomic magnetometer. With its outstanding
sensitivity in low fields, mobility, and low cost, this technique is
ideal for many situations in which conventional MRI is not
feasible.

Experimental Procedures
Our recently constructed apparatus, details of which will be
provided elsewhere, measures time-dependent nonlinear mag-

Fig. 1. Various prepolarization and detection methods for MRI in combina-
tion with remote detection. To overcome the limited nuclear polarization in
low magnetic fields, prepolarization methods can be applied, including spin-
exchange optical pumping by lasers, polarization by cryogenics, and thermal
polarization by permanent magnets. In the encoding stage, excitation pulses
and gradient pulses are applied to store spatial information as nuclear spin
magnetization. For detection, the methods of optical atomic magnetometer,
radio frequency (RF) coil, and superconducting quantum interference device
(SQUID) are shown.

Fig. 2. Flow profile of water measured by magnetization inversion by a
single � pulse.

Fig. 3. Magnetic resonance images. (A) The encoding volume. The two
channels are 3.2 mm in diameter and 25 mm long each, with a center-to-center
spacing of 5.1 mm. (B) Image of the cross-section of the encoding volume
perpendicular to the flow (xy plane) at t � 1.1 s. (C) Time-resolved images in
the yz plane. Measurements were obtained with a time interval of 0.1 s. All
of the images are color-mapped at the same scale, as indicated below the
images. The total experimental time for these flow images is 12 h, which is
dominated by the waiting time between measurements to allow the sample
from the previous measurement cycle to clear the system. The overall time will
be reduced to minutes with shorter travel distances.
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neto-optical rotation of the polarization of a frequency-
modulated laser beam interacting with a rubidium vapor (Fig. 4).
A resonance is generated when the modulation frequency equals
twice the Larmor precession frequency g�B�h, where B is the
magnetic field, g is the known atomic gyromagnetic ratio, � is the
Bohr magneton, and h is Planck’s constant. A bias magnetic field
establishes a baseline resonance frequency and defines the
detection axis of the magnetometer. When polarized nuclear
spins are introduced, the change in the resonance frequency is
proportional to the sample field along the detection axis. The
atomic magnetometer uses two rubidium cells that form a
gradiometer to cancel environmental common-mode noise. The
near-dc (0.1 Hz) sensitivity of this magnetometer is 80 fT�Hz1/2.

During the experiments, a continuous stream of water, driven
by high-pressure nitrogen (8 atm), first spends �15 s in a 0.3-T

magnetic field for prepolarization. It then flows through two
cylindrical channels in an encoding field of 3.1 mT (B0) (corre-
sponding to a proton Larmor frequency of 132 kHz) directed
parallel to the water flow. Finally, the water is delivered through
a thin transport tube to the magnetometer where the magneti-
zation is read out. The flow scheme of water is also demonstrated
in Fig. 4. The polarization adiabatically follows the local mag-
netic field, which is the laboratory field between regions.

To obtain the flow profile, a � pulse was applied to invert the
spins in the encoding volume, causing a change in magnetic field
from the baseline magnetization produced by prepolarization
(Fig. 5A).

Two-dimensional images of the water flow were obtained by
using a phase-encoding pulse sequence (Fig. 5B): a ��2 pulse
first rotates the magnetization into the plane perpendicular to
the encoding magnetic field; the resulting transverse magneti-
zation processes in the presence of the gradient magnetic fields;
a second ��2 pulse stores one component of the phase-encoded
magnetization along the longitudinal axis, which can then be
remotely detected by the atomic magnetometer. Both the x and
y components of the transverse magnetization are measured by
performing a phase cycle on the second ��2 pulse. By incre-
menting the gradient amplitudes along respective spatial encod-
ing axes, the corresponding image is obtained through Fourier
transformation. The imaging sequences were repeated 16 times
and averaged to create the image.
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8. Lee, S. K., Mö�le, M., Myers, W., Kelso, N., Trabesinger, A. H., Pines, A. &
Clarke, J. (2005) Magn. Reson. Med. 53, 9–14.

Fig. 4. Schematic of the experimental setup. The magnetometer consists
of two rubidium (87Rb) vapor cells forming a first-order gradiometer. The
cells are cubic, with a 1-cm side length, and maintained at 43°C. The beam
from a single laser (whose wavelength is resonant with the rubidium D1
transition) is split equally into two, one for each cell. For each arm of the
gradiometer, polarizing and analyzing prisms are oriented at 45° to each
other to detect optical rotation occurring in the vapor cell. The intrinsic
resonance linewidth is �5 Hz. A piercing solenoid provides a 0.05-mT
leading field (Bl). The geometry is such that the rubidium atoms are not
subject to this field. A bias field of 70 nT (Bb) gives a resonance frequency
of �1,000 Hz for the modulation of the laser when no sample is introduced.
The magnetometer measures the magnetic field change along the direc-
tion of the bias field. The magnetized sample in the detection region
produces magnetic fields of opposite direction in the two cells. The fre-
quency of magneto-optical resonance on one arm of the gradiometer is fed
back to the laser modulation to maintain this arm on resonance. Thus the
optical rotation in the other cell represents the difference field between
the two cells, equal to twice the magnetic field produced by the sample. N,
north pole; S, south pole; PD, photo diode; PP, polarization prism; MS,
magnetic shield; BS, beam splitter.

Fig. 5. Pulse sequences used in the experiments. (A) A � pulse used to invert
the spins for measuring the flow profile. The pulse duration is 116 �s. The
detection timing of the magnetometer is relative to the � pulse. (B) Phase-
encoding pulse sequence for magnetic resonance imaging. The pulse duration
is 58 �s for the ��2 pulses and 1.2 ms for the phase-encoding gradient pulses
(GPE). The gradient step sizes were 0.3, 0.22, and 0.1 G�cm, for axes x, y, and z
(flow direction), respectively. The number of steps are 10, 14, and 10 for x, y,
and z, respectively.

Xu et al. PNAS Early Edition � 3 of 4

CH
EM

IS
TR

Y



9. Cohen-Tannoudji, C., DuPont-Roc, J., Haroche, S. & Lahoë, F. (1969) Phys.
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We report on the design, characterization, and applications of a sensitive atomic magnetic
gradiometer. The device is based on nonlinear magneto-optical rotation in alkali-metal �87Rb� vapor
and uses frequency-modulated laser light. The magnetic field produced by a sample is detected by
measuring the frequency of a resonance in optical rotation that arises when the modulation
frequency equals twice the Larmor precession frequency of the Rb atoms. The gradiometer consists
of two atomic magnetometers. The rotation of light polarization in each magnetometer is detected
with a balanced polarimeter. The sensitivity of the gradiometer is 0.8 nG/Hz1/2 for near-dc �0.1 Hz�
magnetic fields, with a base line of 2.5 cm. For applications in nuclear magnetic resonance �NMR�
and magnetic resonance imaging �MRI�, a long solenoid that pierces the magnetic shields provides
an �0.5 G leading field for the nuclear spins in the sample. Our apparatus is particularly suited for
remote detection of NMR and MRI. We demonstrate a point-by-point free induction decay
measurement and a spin echo reconstructed with a pulse sequence similar to the
Carr-Purcell-Meiboom-Gill pulse. Additional applications and future improvements are also

discussed. © 2006 American Institute of Physics. �DOI: 10.1063/1.2336087�
I. INTRODUCTION

Atomic magnetometry as applied to the detection of
nuclear magnetism has a rather long history, starting with the
pioneering work by Cohen-Tannoudji et al. in the 1960s.1 In
that work, alkali vapor was used to measure the magnetiza-
tion of optically hyperpolarized 3He. Since then, it has been
developed by Newbury et al.2 toward a more sensitive and
convenient technique. The sensitivity of an optimized, shot-
noise limited atomic magnetometer is determined by

�B � 1/���Nt�� , �1�

where � is the atomic gyromagnetic ratio, N is the total num-
ber of the gaseous alkali atoms participated in the measure-
ment, t is the measurement time, and � is the coherence
lifetime.

Recently, several novel approaches to atomic magnetom-
etry have been demonstrated with extraordinarily high sensi-
tivities. One approach is the use of potassium vapor at high
enough densities that the effect of spin-exchange relaxation
effectively cancels.3,4 This so-called spin-exchange

relaxation-free �SERF� technique has achieved a sensitivity
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Downloaded 03 Jul 2007 to 128.3.131.232. Redistribution subject to 
of 5 pG/Hz1/2. Another path uses low-density rubidium va-
por in paraffin-coated cells to reduce the spin-relaxation rate
and create ultranarrow resonances in nonlinear magneto-
optical rotation.5,6 The latter technique employs frequency-
or amplitude-modulated laser light to synchronously pump
alignment in the atomic ground state.7–9 A narrow resonance
occurs when the modulation frequency is equal to twice the
Larmor precession frequency �B, allowing precise determi-
nation of the magnetic field. With this technique, sensitivity
below 10 pG/Hz1/2 should also be achievable.

The main objective for the present work is to apply
atomic magnetometry to nuclear magnetic resonance �NMR�
and magnetic resonance imaging �MRI�. NMR and MRI are
prominent and versatile techniques that have found applica-
tions in many areas.10,11 However, magnetic resonance tech-
niques suffer from poor sensitivity in low magnetic fields:
with conventional Faraday-induction detection using a radio
frequency �rf� coil the signal is proportional to the strength
of the magnetic field �assuming a given degree of nuclear
polarization�. Thus alternative detection methods are desir-

able when the use of high magnetic field is to be avoided.

© 2006 American Institute of Physics6-1
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Atomic magnetometers12,13 and superconducting quantum in-
terference devices14–16 �SQUIDs� have both been proven to
possess such sensitivity. Early applications of atomic magne-
tometers in NMR include measurements of the T1 relaxation
of hyperpolarized xenon12 and the free induction decay of
protons in an ultraweak magnetic field inside a
magnetometer.13 One advantage of atomic magnetometers is
that, unlike SQUIDs or superconducting magnets, they do
not require cryogenics, making them more convenient and
less expensive.

To improve the “filling factor,” the degree to which the
sample couples to the detector, atomic magnetometry can be
combined with a complementary detection scheme—remote
detection.17–19 In remote detection, the spectroscopic �for
NMR� and spatial �for MRI� information is stored as time-
dependent total magnetization of the sample along the longi-
tudinal axis. Detection is performed at a different location
from the encoding region. The encoded information can be
recovered via Fourier transformation of the sample magneti-
zation measurement. If the sample is spread out spatially,
which precludes efficient NMR detection, the remote detec-
tion method can offer a significant advantage, as the sample
can be concentrated in the detection region, improving the
sensor coupling to the sample �commonly referred to as the
filling factor in NMR� and detection efficiency. It also opens
up the possibility of implementing more sensitive detection
methods for NMR and MRI, including atomic magnetom-
etry. Since the detection is physically separated from the en-

FIG. 1. Concept of remote detection of NMR and MRI with atomic mag-
netometers. A gradiometer formed by two magnetometers is shown as an
example.
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coding step, the rf magnetic fields and gradient magnetic
fields used for spin encoding do not interfere with the sensi-
tive magnetometers.

One additional consideration for low-field NMR and
MRI is that thermal magnetization is intrinsically low �typi-
cally 10−8�. This problem can be circumvented by using pre-
polarization, for example, through spin exchange with opti-
cally pumped rubidium atoms in the case of 129Xe and 3He
nuclei20 �up to tens of percent polarization�, or magnetization
by a strong magnetic field prior to the encoding step.21

Figure 1 illustrates the technique of applying atomic
magnetometry to remote detection in low-field NMR and
MRI. It contains three essential steps: prepolarization of the
nuclear spins, low-field encoding, in which the pulse se-
quences are applied, and detection with sensitive atomic
magnetometers.

Here we describe a new atomic magnetometer which
was recently used for remote detection of time-resolved
MRI.21 Compared to the magnetometer used in Ref. 12, the
new instrument possesses an improved filling factor, better
stability, and an optimal geometry for various applications.
The details of our apparatus and characterization are pro-
vided in the following sections, followed by examples of
NMR measurements and a brief discussion and outlook.

II. APPARATUS

A schematic of the setup is shown in Fig. 2. The main
components include a multilayer magnetic shield with inter-
nal coils, a pair of rubidium vapor cells, a diode laser with
associated control electronics and optics, a piercing solenoid,
and electronics for signal amplification and data acquisition.

A. Magnetic shield and internal coils

To reduce the laboratory magnetic field, a five-layer
magnetic shield is employed �Fig. 3�. The shield is made of a
high-permeability alloy �0.1 cm thick�. After manufacture
�by Amuneal, Inc. according to our design�, the shields were
annealed in a hydrogen atmosphere. We avoid mechanical
stress on the shield and exposure to high magnetic fields
after annealing; demagnetization of the shield is not neces-

FIG. 2. Schematic of the apparatus. Abbreviations: BS,
beam sampler; BP, beam splitter; PD, photodiodes; PP,
polarizing prism. The rubidium vapor cells are labeled
as A and B. The thickness of the laser beam �gray lines
in the diagram� symbolically indicates the relative beam
power. In between the two cells is the piercing solenoid.
Bl, leading field provided by the piercing solenoid; Bb,
bias magnetic field.
AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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sary. Each of the five layers consists of a cylindrical center
piece and two removable end caps. The overall shape of each
layer approximates a sphere to maximize the shielding factor,
while avoiding elements with difficult-to-manufacture
shapes. Between the layers, Styrofoam �polymerized in
place� is used to hold the shield in place and to provide
thermal insulation from the environment. Four ports are
available on the cylindrical part and one each on the end caps
for each layer. They are aligned, respectively, among differ-
ent layers during assembly and are used for optical access,
the piercing solenoid and sample inlet, cell mounting, and
electric connections. The shielding factor of the whole as-
sembly was measured to be better than 107 for low-
frequency magnetic fields.

A set of coils is mounted on a hollow cylindrical Teflon
holder inside the magnetic shield, including a solenoidal
bias-field coil, two planar transverse-field coils, and three
gradient coils. These coils are used to balance the residual
magnetic field and gradients and to provide a bias field. The
bias field is directed along the center-to-center line of the
rubidium cells, defined as the z axis, and parallel to the laser
path �Faraday geometry in optical rotation�. Since the sample
magnetic field is much smaller than the bias field, the gradi-
ometer is only sensitive to the magnetic field change along
the z axis. The z-gradient coil, driven by an adjustable dc
source �Krohn-Hite, Model 523�, is used to balance the two
magnetometers, so that their resonance frequencies are close
to each other, usually within 0.5 Hz. The other coils are pow-
ered by dry batteries through resistors with low temperature
coefficients ��0.6 ppm/ °C�.

B. Rubidium vapor cells

The vapor cells containing isotopically enriched
rubidium-87 �87Rb� used in this apparatus are glass cubes
with external dimensions of 1 cm on a side and wall thick-
ness of approximately 1 mm. Compared to a 10 cm diameter
cell such as that used in Ref. 12, these cells can be placed

FIG. 3. Cross section of the magnetic shields. Internal coils are indicated
with black dots. The Teflon coil holder inside the magnetic shield is shown
in gray. The rubidium vapor cells are mounted on a platform located at the
center of the magnetic shield �not shown�.
much closer to the sample, significantly improving the filling
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factor. The inner walls of the cells are coated with a layer of
paraffin to minimize relaxation of ground-state polarization
due to collisions with the wall.22 Magnetometers using
such buffer-gas-free antireflection coated vapor cells mea-
sure the average of the magnetic field over the cell’s volume.
For a spherical cell, the average field is equal to the field at
the center of the cell. While this is not exactly true for the
cubic cells used in this work, this is still a reasonable
approximation.

The total number of rubidium atoms in the vapor in
smaller cells can be increased by raising the operating tem-
perature. The heating method has to be carefully chosen to
avoid introducing extra noise. We use twisted Teflon-coated
stainless steel wire wound around the outside of the inner-
most layer of the magnetic shield. The magnetic noise gen-
erated by the heating current is largely canceled and shielded
by this method. Continuous heating by a current-regulated dc
power supply has proven to be the best option.

The paraffin coating melts at approximately 60 °C,
which sets an upper limit for the cell temperature. The tem-
perature is also constrained by the need to keep the alkali
vapor density low enough that the alkali-alkali collisions do
not unduly increase the relaxation rate. An operating tem-
perature of 43 °C gives maximum signal-to-noise ratio in
this apparatus.

The cells are mounted on a Teflon platform. The posi-
tions of the cells can be independently adjusted by six nylon
alignment screws. A sturdy plastic rod goes through the mag-
netic shield via the bottom port to connect the platform to a
translation stage on the laser table. This allows slight adjust-
ment of the position of the platform from outside of the
magnetic shield.

C. Laser control and optical layout

A single laser �New Focus, Vortex 6000�, frequency-
modulated by driving a piezoelectric transducer in the laser
cavity with a function generator, is used for both magneto-
meters. The beam is first attenuated by neutral-density filters
�not shown in Fig. 2�. Two 5% beam samplers are used for
controlling the laser. The first one feeds a photodiode for
power monitoring. The voltage output of the photodiode is
amplified and fed back to the laser for constant-power opera-
tion. The second one is used for a dichroic atomic vapor laser
lock �DAVLL� �the design is described in Ref. 23�, employed
to lock the laser at the optimal wavelength. It contains an
uncoated rubidium cell placed in an �200 G magnetic field,
a quarter-wave plate, and two polarization prisms.24 Linear
magneto-optical rotation is detected by two photodiodes and
amplified by a lock-in amplifier �Stanford Research SR530�.
The output of the appropriately phased lock-in amplifier is
fed back to the piezoelectric element of the laser to adjust the
wavelength of the laser accordingly. Operation of a DAVLL
with frequency-modulated light extends the use of the device
that is normally employed with unmodulated light.23,24

The main laser beam passes through a 50-50 beam split-
ter to produce a beam for each magnetometer. For each mag-
netometer, a polarization prism defines the initial polariza-
tion of the incident beam. The diameter of the laser beams at

the cells is approximately 2 mm. After passing through a
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cell, the beam is reflected by an end mirror �aluminum
coated on 1 mm glass substrate� mounted close to the back
of the cell, passes through the cell again, and then through an
analyzing prism oriented at 45° to the initial prism. This
balanced polarimeter is sensitive to magneto-optical rotation
induced by the Rb vapor.25

This double-pass arrangement, in which the beams are
reflected back through the cells, was chosen in order to allow
the cells to be placed in an optimal position relative to the
sample. The resulting increase in optical path length �the
rotation is additive on the two passes� is also significant be-
cause of the small size of the cells used in this work and
reduces the heating requirements for the cells.

D. Piercing solenoid, bias magnetic field, and sample
polarization

For NMR applications, a leading field is required for the
nuclear spins in the sample. This is provided by a long hol-
low solenoid that pierces the magnetic shield. The field
strength inside the solenoid is �0.5 G, approximately the
earth-field strength. Since the rubidium vapor cells are lo-
cated far from the ends �which are outside the magnetic
shield�, the solenoid field is very small at the cell positions.

A bias magnetic field, with a magnitude much larger
than the sample magnetic field, is generated to define the
detection axis of the gradiometer. This dictates that the
sample �which would normally be approximated as a mag-
netic dipole aligned with the leading field in the piercing
solenoid� be offset in the direction of the leading field from
the axis connecting the centers of the sensor cells. In prac-
tice, the optimal position was chosen by using a calibration
solenoid in place of the sample that could be moved along
the piercing solenoid. The sample in the detection region
produces magnetic fields with opposite directions in the two
cells �Fig. 4�. Thus, the signal due to magnetization of the
sample along the leading field adds in the gradiometer mea-
surements, while common-mode noise �Bnoise� cancels.

E. Signal detection

The electronics for signal manipulation are fairly simple.
For each magnetometer, the differential photocurrent be-

FIG. 4. Illustration of the measurement geometry. Bl, leading field; Bb, bias
field; Bnoise, magnetic noise; Bs, magnetic field generated by the sample.
Since the two rubidium cells experience magnetic field of opposite signs due
to the sample, the difference between the two measurements will double the
signal from the sample, while canceling common-mode noise.
tween the photodiode pair is detected by a lock-in amplifier
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�Stanford Research, SR830�. The outputs of the lock-in am-
plifiers are read to a personal computer over a general pur-
pose interface bus �GPIB� connection. A LABVIEW program
analyzes the signals, and controls the output frequency of a
function generator �Stanford Research DS 345� modulating
the laser, using a feedback algorithm described below.

III. CHARACTERIZATION

A. Nonlinear magneto-optical resonance

As part of the initialization of the magnetometer, the
laser is detuned �200 MHz towards lower frequency from
the F=2→F� =1 component of the 87Rb D1 line in order to
produce the maximum optical rotation.7 With the laser detun-
ing fixed at the optimal position, we sweep the modulation
frequency of the laser to observe the nonlinear magneto-
optical resonance, which occurs when the modulation fre-
quency is equal to twice the Larmor precession frequency.
The presence of a 0.48 mG bias field gives a resonance fre-
quency of �680 Hz in the absence of the sample. Figure 5
exhibits both the in-phase and out-of-phase �quadrature� out-
puts from the lock-in amplifier of each magnetometer. The
widths of these resonances in the modulation-frequency do-
main correspond to twice the Rb ground-state coherence-
relaxation rate �12 and 13 Hz for the two magnetometers
from the scans in Fig. 5�. As indicated above �Eq. �1��, the
longer the coherence lifetime, the better the sensitivity. To
obtain the intrinsic linewidth, we plot the linewidth �equal to
that observed in the modulation-frequency domain divided
by 2� versus laser power and extrapolate to zero power �Fig.
6�. From linear extrapolation, the intrinsic relaxation rate is

FIG. 5. Synchronous nonlinear magneto-optical rotation as a function of the
laser modulation frequency. A1 and A2 are the in-phase and out-of-phase
outputs from magnetometer A, respectively. B1 and B2 are the respective
in-phase and out-of-phase outputs from magnetometer B. Laser power is
�8 �W for each magnetometer and the detuning is 200 MHz towards lower
frequencies from the F=2→F�=1 component of the 87Rb D1 line.
around 5.4 Hz for both cells, compared to 1.3 Hz for the
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10 cm diameter cell used in Ref. 12. This difference is pri-
marily due to the smaller size of the cells used here, as the
mean free path between wall collisions is much shorter.
However, because of a factor of �1000 improvement in the
filling factor in the current setup, we gain substantially in
overall sensitivity.

B. Data acquisition algorithm

We have explored two strategies for locking a magneto-
meter to a resonance. The first strategy consists in tracking
the resonance frequency by determining the center of the
peak in the quadrature signal. This has an advantage of re-
duced sensitivity to background signals; however, it is slow
because at least three points are needed to fit for the center
frequency, and the system must be allowed to stabilize each
time the modulation frequency is changed. In the second
strategy �used for the experiments described below�, the in-
phase signal from one magnetometer, which is proportional
to deviations from resonance in a limited range centered at
resonance, is measured, inverted, and fed back to the func-
tion generator which modifies the modulation frequency ac-
cordingly. The computer-implemented feedback is a propor-
tional and integral �PI� loop, controlled by three parameters:
P, I, and an integration range. The feedback signal f and
error signal � are related by

f = P�� + I	
−t

0

�dt�
 . �2�

Applying a square wave magnetic field as a test signal
�such as the ones shown in Figs. 7 and 8�, we set appropriate
values for P and I according to the following algorithm. With
I set to zero, increase P until the system begins to oscillate.
Then set P at �50% of the oscillation threshold and with a
fixed integration range, typically set as 5 s, adjust I to opti-
mize the response of the apparatus to minimum distortion
from the testing square wave.

The magnetometer controlled by the feedback loop, des-
ignated as the primary channel, is thus always on resonance.
The in-phase signal from the other magnetometer, the pas-
sive channel, is the differential measurement, free of
common-mode noise. The feedback loop maintains the
modulation frequency in the most sensitive regime, since the
slope of the resonance feature is maximal at the center of

FIG. 6. Resonance linewidth vs laser power. Laser power is measured right
before the light beam enters a rubidium cell. The y intercepts represent the
intrinsic linewidths.
resonance, which is 0.6 mrad/Hz. The advantages of a soft-
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ware PI loop include insensitivity to noise and flexibility in
adjusting the parameters of the response function.

C. Noise and sensitivity

A range of sources can contribute to the noise, including
ambient air flow, stray light, dark current of the photodiodes,
electronic noise from the lock-in amplifiers, and the me-
chanical vibrations of various components. One particularly
significant noise comes from air circulation in the environ-
ment, causing refractive index fluctuation of the air in the
laser path that leads to random optical rotation. This effect is
greatly reduced by enclosing the entire beam path. The stray
light is also blocked. The photodiodes are connected in pairs
without bias voltage so that only the differential photocurrent
is amplified, further reducing the dark current.

To demonstrate the common-mode cancellation of the
gradiometer, a common-mode magnetic field modulated at
0.1 Hz is generated by the z coil. As shown in Fig. 7, both
magnetometers experience the magnetic field, while no evi-
dent signal is observed in the gradiometer. The common-
mode-rejection ratio is estimated to be no worse than 20.

For calibration, a small gradient field square wave with
frequency of 0.1 Hz is generated by the z-gradient coil. The
measurements are presented in Fig. 8. Plot A shows a record-
ing of the gradiometer signal with closed feedback loop on
the primary-channel magnetometer. Plot B shows the signal
from the primary-channel magnetometer with feedback loop
open. By taking the differential signal between the two mag-
netometers, as mentioned above, the common-mode drift is
reduced. In addition, the signal-to-noise ratio �SNR�, limited
by the intrinsic noise of the individual sensors, is improved
by a factor of �2. The time constant for the measurement is
30 ms. The sensitivity of the gradiometer is estimated to be
0.8 nG/Hz1/2 for the geometry applied in this work. The po-

−3 1/2

FIG. 7. Demonstration of the cancellation of a common-mode magnetic
field by the gradiometer. A uniform 100 nG �peak-to-peak� square
-wave magnetic field is applied using the z coil. Plot A shows the differential
gradiometer signal. Plot B shows the signal from each arm of the
magnetometer.
larization noise level is therefore �10 mrad/Hz .
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IV. APPLICATIONS

We have reported the application of this apparatus in
MRI.21 Here we show the remote detection of NMR. The
setup, which is similar to the one used in Ref. 21, is sche-
matically exhibited in Fig. 9. Water flows continuously
through three consecutive regions. It is first prepolarized by a
permanent magnet with field strength of 3 kG. It then flows
into a plastic sample holder located at the center of the en-
coding field of 31 G, corresponding to 131.3 kHz resonance
frequency for protons. A rf coil tuned to the resonance fre-
quency is used to excite the sample nuclei. Pulse sequences
are controlled with a TecMag console �Orion 1999�. Finally,
encoded water flows into the gradiometer and returns
through the same port for drain, producing magnetic fields
with opposite directions in the two cells for detection. The
base line of the measurement is set at the signal correspond-

FIG. 8. Sensitivity comparison between the gradiometer and the primary
channel. The test signal is a 40 nG magnetic field modulated at 0.1 Hz,
produced by the z-gradient coil which is powered by a function generator.
Plot A shows the gradiometer signal with closed feedback loop on the
primary-channel magnetometer. Plot B shows the signal from the primary-
channel magnetometer with the feedback loop open.

FIG. 9. The sample-flow diagram for NMR experiment. Objects containing

water are shown in gray.

Downloaded 03 Jul 2007 to 128.3.131.232. Redistribution subject to 
ing to the initial magnetization Mz of the sample when no rf
pulses are applied. The largest signal change �drop� is re-
ferred to as the maximum signal. The flow rate is set to be as
fast as 30 ml/min to minimize the relaxation of the nuclear
polarization during the travel from the prepolarization region
to the detection region.

For NMR measurements, the � /2 pulse duration is de-
termined by varying the pulse length and recording the cor-
responding magnetization of the sample �Fig. 10�. The first
maximum corresponds to a � pulse as the magnetization is
totally inverted so the gradiometer detects the largest differ-
ence. The minima correspond to 2n� pulses, n=0,1 ,2, since
the magnetization is simply tipped back to its original direc-
tion. According to the data exhibited in Fig. 10, a � /2 pulse
should be of 22 �s duration.

Free induction decay �FID� of the protons can be de-
tected remotely by using two � /2 pulses with a variable
delay between them. The frequency of the pulses is tuned to
132.7 kHz in order to shift the central FID frequency away
from zero. The first � /2 pulse rotates the magnetization of
the sample into the transverse plane �xy�. During the delay,
the magnetization precesses in the 31 G field. Then it is
tipped back into the longitudinal direction z by another � /2
pulse. The stored magnetization is read out by the gradiom-
eter. The magnetization as a function of the delay time, av-
eraged over ten data sets, is shown in Fig. 11. The Fourier
transform of the FID gives the spectrum in the frequency
domain. The peak frequency of 1.4 kHz is the difference
between the carrier frequency and the resonance frequency.
The full width at half maximum is approximately 400 Hz.

A more complicated pulse sequence �shown in Fig. 12,
panel A�, similar to a Carr-Purcell-Meiboom-Gill �CPMG�
pulse,10 was also applied to obtain spin echo. A normal
CPMG pulse is composed of an excitation � /2 pulse fol-
lowed by a train of � pulses which have a 90° phase shift
relative to the � /2 pulse. The temporal spacing �echo time�
between consecutive � pulses is twice the time between the
first � /2 pulse and the first � pulse. Thus the coherence lost
during precession due to field inhomogeneity can be recov-
ered by inverting the magnetization each time by a �y pulse.
Multiple �n� � pulses can be repeated until the total time of
the pulse sequence reaches the intrinsic transverse relaxation
time. �We have tried as many as 300 � pulses, corresponding

FIG. 10. Determining the time duration of the � /2 pulse. A pulse train with
incremented pulse durations is applied in the encoding region. The differ-
ence signal measured by the gradiometer is plotted vs the pulse duration.
to a total time of 600 ms.� Because we detect the spin echo
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remotely, our pulse sequence differs from a regular CPMG
pulse in that an additional �� /2�x pulse after the regular
CPMG pulse is needed to encode the signal into longitudinal
magnetization. The spin echo is therefore reconstructed by
sweeping the delay time t between this encoding pulse and
the last �y pulse. The result �no signal averaging� is shown in
Fig. 12, panels B and C. Panel B exhibits the data directly

FIG. 11. Remotely measured point-by-point free induction decay and the
corresponding Fourier transformation in frequency domain.

FIG. 12. The pulse sequence for the spin-echo reconstruction and the result-
ing spin echo. Panel A shows the pulse sequence. The echo time, which
equals to the delay between two consecutive � pulses, is 2 ms, and the
repetition number n is 50. The phases of the rf pulses are indicated above
their respective positions. Panel B shows the data directly measured by the
gradiometer, with the spikes indicating the timing of encoding. Panel C

shows the base-line-corrected difference signal extracted from panel B.
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measured by the gradiometer. The gray spikes indicate the
start of the pulse sequences, each with a different t, which is
swept from 0.2 to 2 ms, with 0.2 ms step size. Panel C
shows the base-line-corrected difference signal extracted
from panel B. The spin-echo signal is maximum at t=1 ms,
as expected for the spin echo.

V. DISCUSSION AND OUTLOOK

The apparatus described here offers high sensitivity for
detecting dc magnetic field produced by a magnetized
sample. As demonstrated here �and in Ref. 21� it is well
suited for low-field remote detection of NMR and MRI. In
addition to the studies with water, we plan to perform NMR
and MRI experiments using hyperpolarized xenon. The setup
can also be used in non-NMR/MRI applications. For ex-
ample, we have detected magnetic particles with a high sen-
sitivity and a large carrier throughput �in our case, water; to
be described in a separate publication�. Additional applica-
tions in other fields, such as measuring the magnetic proper-
ties of nominally nonmagnetic ferroelectric materials and
rock samples, are also in progress.

Further expected improvements include employing an
array of rubidium cells as detectors and adopting a better
geometric design. We plan to replace the external-cavity la-
ser with an economic vertical-cavity surface-emitting laser,
integrate the electronics, and employ fiber optics for laser-
beam transmission. With these modifications, we expect to
have an even less expensive and more convenient, poten-
tially portable, apparatus for various practical applications.
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A technique is proposed in which an NMR spectrum or MRI is
encoded and stored as spin polarization and is then moved to a
different physical location to be detected. Remote detection allows
the separate optimization of the encoding and detection steps,
permitting the independent choice of experimental conditions and
excitation and detection methodologies. In the initial experimental
demonstration of this technique, we show that taking dilute 129Xe
from a porous sample placed inside a large encoding coil and
concentrating it into a smaller detection coil can amplify NMR
signal. In general, the study of NMR active molecules at low
concentration that have low physical filling factor is facilitated by
remote detection. In the second experimental demonstration, MRI
information encoded in a very low-field magnet (4–7 mT) is
transferred to a high-field magnet (4.2 T) to be detected under
optimized conditions. Furthermore, remote detection allows the
utilization of ultrasensitive optical or superconducting quantum
interference device detection techniques, which broadens the
horizon of NMR experimentation.

In a conventional NMR experiment, a series of radio frequency
and gradient pulses are applied to the information-carrying

sample nuclei immersed in a strong magnetic field to encode
information about the local atomic environment, physical inter-
actions between the nuclei, and the macroscopic position and
motion of the nuclei of interest. The encoded information is then
detected by observation of the resulting frequencies and ampli-
tudes. A single radio frequency coil is commonly used for both
the encoding and detection (1) of the NMR signal, which means
that only one aspect can be optimized, usually to the detriment
of the other. So, conventional NMR uses a compromise that is
a tradeoff between encoding and detection efficiency, resulting
in conditions that are not necessarily optimal for either mode.
We present a technique, NMR remote detection, that separates
the encoding and detection steps both spatially and temporally.
The NMR information is carried by the stored longitudinal
magnetization of a sensor nucleus from one location to the other.
NMR remote detection capitalizes on the extraordinary strength
of NMR, the myriad of encoding possibilities, and suggests
experimental principles that circumvent the inherent weak point
of NMR, the low sensitivity.

Several different scenarios for the application of the remote
detection principle, which can be tailored to favor the experi-
mental conditions, exist. The most basic approach is the opti-
mization of the sensitivity of the detection coil, whereby the
signal-to-noise ratio (SNR) can be enhanced without changing
the encoding conditions. Particularly for applications where the
information carrying sensor nuclei are in a very dilute concen-
tration, such as medical imaging (e.g., lung MRI), NMR of
porous void spaces, and biomolecular binding events in solution,
the detection sensitivity is poor for the NMR spins of interest. By
using remote detection techniques, these nuclei can be extracted
from the medium and physically concentrated into a smaller
detection coil with an optimal filling factor and higher sensitivity
(2). The detection of a signal from a large encoding volume with

a smaller coil is performed either by multiple samplings over a
longer time range to cover all of the encoded volume or by
physically condensing the encoded gas into the liquid or solid
state.

The use of different magnetic fields for encoding and detec-
tion is another possibility for remote detection and opens
additional perspectives for NMR. NMR image information may
be encoded at very low fields, which is favorable for imaging of
heterogeneous objects because of lower susceptibility gradients
(3, 4). The detection can then be performed in a high-field
magnet to achieve a better SNR. This approach makes use of less
homogeneous ultra-high-field, permanent, and hybrid magnets
(5), both viable and advantageous because only the encoding
field, but not necessarily the detection field, needs to be very
homogeneous.

Finally, remote detection is also naturally suited for another
innovative step, namely to replace inductive coil detection by an
alternative ultrasensitive detection technique such as supercon-
ducting quantum interference device (SQUID) or optical de-
tection. SQUIDs offer highly sensitive detection for low-
frequency applications (6), but suffer from geometry restrictions
that can be alleviated by remotely detecting a pre-encoded
sample. If the carrier spins are 129Xe gas, spin-exchange optical
detection provides an extremely sensitive means to monitor the
xenon polarization through contact with Rb metal vapor (7).

Several groups have used a two-location approach to solve
NMR problems in the past, although not the explicit separation
of the encoding and detection locations. MRI measurements
involving the use of separate excitation and detection coils have
been used for noise reduction in surface imaging experiments
(8). MRI of dissolved phase xenon in a mammal’s lung tissue was
obtained by Ruppert et al. (9). Here, a large bath of prepolarized
gaseous 129Xe in the lung volume is used to amplify the signal of
the dissolved xenon phase in the tissue, capitalizing on the rapid
exchange between the two different environments. This method
shares some basic concepts with remote detection, but not the
aspects of controlled signal transfer or the explicit choice and
optimization of the encoding and detection locations. Other
examples in the literature, using an explicit two-location ap-
proach for NMR, are the use of a flow apparatus for dynamic
nuclear polarization experiments (10) and the use of an elabo-
rate pneumatic shuttling device for zero-field NMR (11). In both
cases, a two-location experiment is used to improve some specific
aspect of the experiment; however, the sample itself is moving
from one location to the other, not just the information via the
polarization of the sensor nuclei, as is the case for remote
detection experiments.

Materials and Methods
Pulse Scheme. The unique feature of remote detection is that
information encoded about the sample at one location is de-

Abbreviation: SNR, signal-to-noise ratio.
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tected at a different location. The remote detection pulse
sequence is based on the principle of indirect detection (12–14)
and generally consists of three segments: the encoding period,
the travel or mixing period, and the detection period (Fig. 1A).
In the simplest case (Fig. 1B), the encoding step is a ��2
excitation pulse followed by an evolution period t1 and a ��2
storage pulse. The transverse magnetization evolves during t1
under a given Hamiltonian, and its projection along x or y
(depending on the phase of the storage pulse) is stored as
longitudinal information by the second pulse. The stored lon-
gitudinal magnetization is transferred to the detection coil by
physically moving the stored magnetization between locations.
The amplitude of the stored magnetization is determined by
using a ��2 pulse in the detection coil. By incrementing the t1
evolution time, the NMR time domain signal is modulated along
the indirect dimension. The spectrum or image that is encoded

in the first coil is reconstructed in the second coil by using
point-by-point detection. The principle of remote detection is
generally applicable to NMR experiments where coherence
carries the NMR information. One drawback is that the indirect
acquisition inherently adds one dimension to the remote exper-
iment. However, there are examples where indirect detection of
NMR information is favorable to signal averaging, such as pulsed
spin-lock detection (15) and pulse train refocusing for enhanced
detection sensitivity (16, 17), and pure phase-encoding imaging
techniques of heterogeneous materials.

Sensor Nuclei. The carrier of remote information can be any
NMR-sensitive nucleus, provided that the longitudinal polariza-
tion survives the travel from the encoding location to the
detection location. It is also favorable that the traveling path of
the spins from the encoding coil to detection coil be free of
magnetic field gradients that increase the longitudinal relaxation
rate. Various biological f luids or gases could be used as carriers
of remote information, but the ideal carrier medium is hyper-
polarized 129Xe. The combination of high SNR, extremely long
T1 relaxation time, broad chemical shift range, and chemical
inertness make 129Xe atoms both information carriers and model
sensors of local environment (18, 19). The favorable features of
129Xe give access to void space MRI of the lung volume (20),
chemical and structural properties of porous media (21, 22), and
protein binding events in solution (23).

For the imaging experiments, xenon is laser-polarized by using
a home-built polarizer (Fig. 2). The Xe, N2, He gas mixture flows
into a Pyrex bulb containing Rb metal that is heated to �140°C.
The Rb bulb is centered in a 2-mT magnetic field generated by
a Helmholtz configuration electromagnet. An 80-W diode array
laser (Coherent, Santa Clara, CA) tuned to 795 nm and circularly
polarized is used to irradiate the unpaired Rb electrons. The
129Xe nuclei are polarized to 1–2% through spin-exchange
interactions with the Rb electrons during collisions (24). After
leaving the pumping cell, the gas direction and flow rate are
controlled by a solenoid actuated gas valve (ASCO, Florham
Park, NJ) and a rotary recirculation pump (Rietschle Thomas,

Fig. 1. (A) The basic schematic and pulse sequence of remote detection is
shown. Remote detection begins with a prepolarization step (26), followed
subsequently by the three essential parts of the pulse sequence. These parts
are the encoding of spectral or image information at one location, the transfer
to a different location, and detection in the new location. (B) The pair of ��2
pulses are separated by t1. The second ��2 pulse stores the evolved magne-
tization onto the �z-direction. The stored magnetization is transferred to
another location during tt and finally detected with a third ��2 pulse. The
encoding time, t1, is incremented by the indirect dimension dwell time to map
out NMR information in a point-by-point fashion.

Fig. 2. A home-built closed-circuit polarizer for laser polarization of 129Xe is illustrated on the left side. Here, a gas mixture ratio of 1:2:3 of [Xe]�[N2]�[He] with
a total pressure of 7 atm was used. Polarizer, encoding, and detection sites were connected in a closed loop, maintaining a constant pressure of 7 atm (27). This
setup was used only for the remote imaging experiment. Mostly 1�4-inch teflon tubing was used for connecting the loop. Xenon gas with a polarization of 1–2%
was produced in a continuous flow mode. A three-way gas flow valve (ASCO) was used to direct the flowing gas either through the magnets or back to the inlet
of the polarizer. The return line has an adjustable needle valve restriction so that a constant flow rate (and therefore a constant 129Xe polarization) can be
maintained in the pumping cell even during stopped-flow operation, which is necessary to allow sufficient encoding time. The low-field magnet (4–7 mT, 129Xe
frequency of 47.3–83.5 kHz) for the encoding site is a home-built solenoid electromagnet (14) with a bore size of 29.8 cm. The pulses are gated and generated
from a Hewlett–Packard 3314A frequency generator and amplified to 8 Vp-p by an Amplifier Research (Souderton, PA) 75-W unity gain amplifier for an
experimental ��2 time of 48–70 ms. 3D gradient coils are fixed to the wall of the magnet bore. The high-field detection takes place inside a 4.2-T (129Xe frequency
of 49.8 MHz) super wide bore magnet equipped with a Chemagnetics–Otysuka Electronics (Fort Collins, CO) spectrometer.
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Sheboygan, WI), respectively. For the chemical-shift experi-
ments, 129Xe is polarized to 1–5% and produced by using a
commercial polarizer of similar design from Amersham Phar-
macia Health. Here the flow rate is controlled by using the
pressure differential through a silver-coated needle valve. For
both the imaging (Fig. 2) and chemical shift (Fig. 3) experimental
setups, the polarized gas flows through 1�8-inch Teflon tubing
to the encoding and detection coils sequentially.

Travel Time. The NMR signal transfer step necessitates the con-
trolled flow of the encoded xenon nuclei for each single NMR scan.
A remarkable feature of remote detection is that irregularity and
spreading of the flow pattern are, to a certain extent, not directly
detrimental to the experiment. This is because the NMR time-
domain signal, not the NMR image or the NMR spectrum itself, is
traveling. For each remote scan, the encoded signal can be collected
in the detection coil by repeated acquisitions on the flowing sensor
nuclei. Each acquisition provides one remote data point in the
indirect dimension. Fourier transformation is performed on the
complete remote data set, which provides the remotely detected
NMR information.

After an appropriate flow rate is set, the travel time (tt)
between the encoding and detection locations and the charac-
teristic transport distribution of the signal must be determined.
This has been measured by inverting the 129Xe magnetization in
the encoding coil, and then measuring the signal amplitude as it
arrives in the detection coil after a certain incremented flow
time. Examples of such travel time curves are presented in Fig.
4. The time scale of tt depends on the travel distance between two
locations and the flow rate; Fig. 4A corresponds to a travel
distance of �4 cm between two coils within one probe (Fig. 3),
and Fig. 4B is measured for a travel distance of �5 m between
two different magnets (and coils) across the room from each
other (Fig. 2). Only positive amplitudes are observed because the
inverted magnetization mixes with unencoded magnetization
because of diffusion and turbulence while traveling. The mini-
mum amplitude in each travel time curve corresponds to tt, the
time at which the greatest percentage of encoded signal has
reached and occupied the detection cell. The broad dip around
the minimum gives us information about the spread of encoded
spins during the travel time and the signal intensity is a direct
measure of the mixing at the given time point. For example, from
the travel time curve in Fig. 4B, one can read that at tt � 8 s

�10% of the gas from the encoding coil has reached the
detection coil.

Results and Discussion
Amplification of NMR Signal by Detection Coil Optimization. The
initial experimental realization of high-field remote detection
spectroscopy was performed by using a probe with two elec-
tronically isolated radio frequency coils in the homogeneous
region of the B0 magnet with minimal travel distance between
the coils. The larger diameter encoding coil was packed with
aerogel crystal fragments (Fig. 3). Aerogel (25) is a low-density
silicate that allows xenon gas to freely pass through its pore
structure (�100 Å) and leads to an �25 ppm downfield chemical
shift from the free gas peak caused by adsorbed 129Xe. The
smaller sized detection coil remains empty of aerogel throughout
the course of experiment.

We successfully obtained a remote chemical shift spectrum.
The 1D remote spectrum (Fig. 5D) is a slice taken from the
indirect dimension of the 2D NMR spectrum (Fig. 5C). Because
only pure xenon gas (not the aerogel sample itself) is transported
to the detection coil, the direct dimension spectrum in the
detection coil (Fig. 5B) shows a single xenon gas peak at 0 ppm,
whereas the modulation of this direct peak (Fig. 5C Inset)
measures the chemical shift of xenon gas inside the aerogel
fragments. The direct dimension represents the spectrum in the
detection cell and the indirect dimension contains the encoding
cell spectrum. The two peaks in the remote spectrum (Fig. 5D)
correspond to the free 129Xe gas peak and the bound gas peak.

The relative sensitivities of the two coils can be ascertained by

Fig. 3. The initial remote spectra were obtained by using a home-built
probe containing two coils separated by 2.5 cm, center to center, and by a
copper sheet, which serves as an radio frequency shield. A 1�4-inch Pyrex
tube with a 180° bend passes through both coils. The tubing in the larger
lower coil (1�2-inch i.d.) holds aerogel crystal fragments. The smaller upper
tubing section is empty of aerogel fragments and is centered within a
1�4-inch i.d. coil. The two coils are controlled by separate x- and y-channels
of a Varian Infinity Plus spectrometer tuned to 83.25 MHz.

Fig. 4. The travel time curve plots the 129Xe signal amplitude in the detection
coil as a function of the flow time. After the magnetization is inverted in the
encoding coil, the xenon signal travels from the encoding coil to the detection
coil, and the resulting signal amplitude in the detection coil after a given flow
time is read out. (A) Both coils are placed inside a high-field magnet (7 T). It
takes 28–60 ms for the encoded 129Xe to travel a distance of �4 cm from one
coil to the other. (B) The encoding coil is placed inside a low-field magnet (4–7
mT), and the detection coil is placed inside a high-field magnet (4.2 T). Here,
the encoded 129Xe travels 7–10 s, corresponding to a distance of �5 m from
one magnet to the other.
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a comparison of the one pulse direct spectra taken in the
encoding coil (Fig. 5A) and the detection coil (Fig. 5B), respec-
tively. The detection coil spectrum has a SNR that is an �10
times improvement over the encoding coil spectrum in identical
sample volumes. The SNR of the remote detection chemical shift
spectrum (Fig. 5D) is clearly comparable to the SNR of the direct
detection spectrum from the detection coil, which shows that the
signal cannot only be remotely reconstructed but also that it can
be amplified by using a more sensitive detection coil.

The remote spectra were acquired by using a phase cycling that
was designed to reintroduce quadrature detection. The phase
information that is lost by storing the encoded NMR signal as
polarization can be regained by alternating the phase of the
storage pulse between x and y phase, which provides the real and
imaginary points of the indirect dimension.

Low-Field 2D Images Detected with High-Field Sensitivity. The second
experimental demonstration of remote detection extends the basic
idea in two senses. The acquisition of remote 2D images demon-

strates that the relocation of a more complex information structure
than a 1D spectrum is possible. Also, it shows that improvements,
derived from the NMR conditions that exist at both low and high
fields by encoding and detecting the signal at different magnetic
fields, can be made. The initial remote imaging experiments were
performed by using a low-field magnet (4–7 mT) for the encoding
site and a high-field magnet (4.2 T) for the detection site (Fig. 2).
The two sites were connected by Teflon tubing, and the travel
distance for the remote signal was �5 m. Typical travel times were
7–10 s for flow rates of 4–7 ml�s (Fig. 4B).

The sample cell at the encoding site is a glass tube with a
concentric annular restriction (Fig. 6 A and B). Fig. 6 C and D
shows two 2D remote projection reconstruction images along the
short and long axis of the sample, taken from 3D remote
experiments. Each individually acquired slice was processed
separately prior to reconstructing the 2D image by using a back
projection algorithm. The cross-sectional image is circular, show-
ing the expected density distribution (Fig. 6C), and the image
depicting the long axis of the cell shows accurate length pro-

Fig. 5. (A) Directly detected spectrum of 129Xe in the encoding coil obtained with one ��2 pulse and one signal acquisition. (B) Directly detected spectrum of
129Xe in the detection coil obtained with one ��2 pulse and one signal acquisition. (C) 2D time domain free induction decay (FID) data of the 2D remote
experiment. Both the direct and indirect dimensions were obtained by measuring 128 points with a dwell time of 50 �s. No signal averaging was necessary for
the acquisition. The indirect dimension contains point-by-point detected FIDs, which are encoded in the encoding coil, and after signal transfer, remotely
detected in the detection coil. (Inset) One slice of the indirect spectrum FID. The unencoded 129Xe adds an apparent baseline offset to the indirectly detected
FID, which is removed during processing. (D) The remote detection spectrum is one slice taken at the maximum gas peak of the direct dimension along the indirect
dimension of the 2D data in C. The spectrum reconstructs the spectral information in the encoding coil although it is measured in the detection coil. Comparison
of A and D shows that the remote detection experiment shows an SNR improvement of a factor of �10 times, consistent with the SNR difference between the
direct spectra in A and B taken in the encoding and detection coils, respectively.
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portions with the restriction at the correct location (Fig. 6D).
Also note that in Fig. 6D the chambers on both sides of the
restriction have the same SNR.

It is remarkable that NMR images, clearly representing the
sample cell, can be reconstructed at all, after traveling a long
distance under conditions where the spatial order of spin posi-
tions is lost. Remote imaging is possible because the encoded
k-space data travels point by point after being stored as longi-
tudinal magnetization, not its Fourier-transformed data, which
is the direct image information. Reconstruction of a full repre-
sentation of position-dependent spin densities requires that all of
the spins encoded in each remote scan, corresponding to one
pixel in k-space, are relocated to the detection coil regardless of
their macroscopic order. This ‘‘collection’’ is realized by multiple
acquisitions. In remote imaging, blurring occurs mainly during
the encoding period when the gas atoms diffuse and swap
positions, as is also true for conventional gas-phase imaging.

The sensitivity of a NMR experiment has a field dependence
of B0

7�4 for thermally polarized samples. Laser polarization of
xenon, which has an essentially magnetic field independent
polarization, reduces the field dependence to B0

3�4. For the low-
to high-field remote imaging experiment, the difference in field
strength was approximately a factor of 1,000, which leads to a
field-dependent signal amplification of a factor of 180, all other
conditions being equal.

Whereas appropriate hardware is needed for conventional
NMR at these low encoding fields (4–7 mT) to detect at audio
frequencies, these low-field remote images were detected by
using the sensitivity and convenience of a standard high-field
spectrometer. Other advantages are that no electronic shielding
is required for signal encoding and that noise sources (e.g.,

produced from gradient amplifiers) can be neglected because the
detection apparatus is far away. Inhomogeneous broadening
caused by susceptibility gradients are reduced 3 orders of
magnitude at these low fields of a few mT compared with typical
high field conditions of a few T.

Conclusion and Outlook
The experimental realization of remote NMR and MRI has been
demonstrated. Even the simplest remote spectroscopy experi-
ment shows that, within the confines of T1 relaxation time, the
independently optimized experimental conditions for both the
encoding and the detection site clearly lead to remote amplifi-
cation of NMR signal. The remote imaging experiment shows
that the relocation of more complex information structure than
a 1D spectrum is indeed possible. The remote image advanta-
geously used vastly different fields to improve the resolution of
encoding, through reduced susceptibility gradients, without the
loss of high-field detection capabilities. More generally, remote
detection demonstrates that the separation of the previously
interdependent encoding and detection steps provides a pathway
for further exploration of the limits of NMR.
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Fig. 6. The sample cell in the encoding site is a cylindrical glass (7 mm i.d.) tube with a concentric annular restriction (doughnut-shaped Teflon spacers) in the
middle and at both ends. (A and B) The sample schemes. (C and D) The corresponding 2D remote detection images encoded at low field and detected at high
field. The schematic diagrams show the dimensions of the glass sample tube (A) and location of the restrictions (B) and also indicate the directions of the
projection used for each image. For both images, tt was set to 7 s, corresponding to a flow rate of 6 ml�s and a traveling distance of �5 m. Eighteen repeated
detection pulses, separated by 0.15 s, are sequentially acquired to detect the entire encoded signal volume. The images are encoded by using the technique of
filtered back projection, which involves physically rotating the probe on a polar raster relative to the gradient coils (28). (C) A yz projection reconstruction image
of the void space of the sample tube encoded at 4 mT. Eight projections separated by 22.5° (128 points are acquired for each projection) are used for the
reconstruction of the 2D image. Each projection is measured by using a gradient strength of 1.23 mT�m, where the gradient was oriented along a proscribed
angle, yielding a nominal resolution of 1.2 mm in the 1D projection. (D) An xz image encoded at 7 mT. The image was reconstructed from sixteen 1D projection
(64 points for each projection). The same gradient strength as in C is used here. For data processing of both 2D images, the k-space data were zero-filled to 256
points before Fourier transformation. Each 2D image was acquired with a total of 1,024 points, each of which took about 12 s to acquire, for a total acquisition
time of 3 h 40 min. Considering, however, that 2 h of the total acquisition time was used for travel time and that 18 separate acquisitions were averaged (rather
than taken as 18 separate images), it is clear that the total experimental time can be greatly reduced.
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Application of atomic magnetometry in magnetic particle detection
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We demonstrate the detection of magnetic particles carried by water in a continuous 

flow using an atomic magnetic gradiometer. Studies on three types of magnetic particles 

are presented: a single cobalt particle (diameter ~150 µm, multi-domain), a suspension of 

superparamagnetic  magnetite  particles  (diameter  ~1  µm),  and  ferromagnetic  cobalt 

nanoparticles (diameter ~10 nm, 120 kA/m magnetization). Estimated detection limits are 

20  µm  diameter  for  a  single  cobalt  particle  at  a  water  flow  rate  30  ml/min,  5x103 

magnetite particles at 160 ml/min, and 50 pl for the specific ferromagnetic fluid at 130 

ml/min. Possible applications of our method are discussed. 
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Magnetic  particles  of  micrometer  and  nanometer  sizes  are  widely  used  in 

biomolecular labeling and cell  separation1-5,  allowing manipulation of the components 

that  are  associated  with  the  magnetic  particles  by  an  external  magnetic  field.  These 

particles are also prevalent as contrast agents for magnetic resonance imaging1-5.

In  order  to  characterize  the  magnetization  of  these  particles  and  monitor  their 

behavior,  a  sensitive  detection  method  is  required.  Several  techniques  have  been 

developed for detecting weak magnetic fields,  for example,  superconducting quantum 

interference  devices  (SQUID)6,7,  giant  magnetoresistive  (GMR)  sensors8,9,  magnetic 

resonance  imaging  (MRI)10,  vibrating  sample  magnetometers11,12,  and  atomic 

magnetometers13.  Each  method has  both advantages  and  disadvantages.  For  example, 

SQUIDs  offer  ultrahigh  sensitivity  and  have  been  used  extensively  to  detect  weak 

magnetic signals, but they require cryogenics. GMR sensors are relatively convenient to 

use, however they require the sample to be extremely close (on the order of microns) to 

the sensors. While MRI is a powerful tool for noninvasive diagnostics, the cost of MRI 

machines  severely  limits  their  accessibility.  Vibrating  sample  magnetometry  has 

relatively low sensitivity.

Here  we  explore  the  application  of  atomic  magnetometry  to  detecting  magnetic 

particles. Atomic magnetometry has reached sensitivity comparable to that of SQUIDs14,15 

without  requiring  cryogenics.  Details  of  our  approach  to  atomic  magnetometry  are 

provided elsewhere16. Briefly, the magnetometer is based on  nonlinear (in light power) 

magneto-optical  rotation  (NMOR)  of  laser  light  interacting  with  rubidium  atoms 

contained in  an  anti-relaxation coated  vapor  cell.  The  frequency of  the  laser  light  is 

modulated  (FM),  and  resonances  in  optical  rotation  are  observed  at  modulation 
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frequencies related to the Larmor precession frequency of the Rb atoms. The relationship 

between the external magnetic field B and the resonance modulation frequency ω is

ωΜ  2gµ(Bbias + Bsample),

where g is  the atomic gyromagnetic  ratio  and  µ is  the Bohr  magneton.  A resonance 

occurs when the laser-modulation frequency is twice the Larmor precession frequency of 

the atoms. Bbias is an applied magnetic field that is much greater than the sample field, 

Bsample, and so defines the detection axis.  Therefore, the magnetic field from the sample 

along the direction of the bias field can be deduced from the frequency change of a 

magneto-optical resonance.

A schematic of our set-up is shown in Fig. 1. Two identical anti-relaxation coated 

87Rb vapor cells inside a multi-layer magnetic shield form a first-order gradiometer that is 

insensitive  to  common-mode  noise  from environmental  fluctuations.  A long  piercing 

solenoid generates a 0.5 G leading field (Blead) which gives an orientation to the spins in 

the sample.  Because of the geometry of the arrangement, the leading field is not “seen” 

by the magnetometer cells.  A bias field of 0.7 mG (Bbias) gives an FM NMOR resonance 

frequency of ~1 kHz in the absence of the sample. When a magnetic sample is introduced 

to the detection region, it produces magnetic fields of opposite directions in the two cells. 

The  signal  from  one  arm  of  the  gradiometer  is  continuously  fed  back  to  the  laser 

modulation to  keep this  magnetometer  on  resonance.  Thus  the  signal  from the  other 

magnetometer represents the difference field between the two cells created by the sample. 

We have achieved ~1 nG/Hz1/2 sensitivity for near-DC signal17(for frequencies ~0.1 Hz), 

with 1-cm-sized cells separated by 1.5 cm.
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We first measured the magnetization of a cobalt particle with an estimated diameter 

of 150 µm. The sample was embedded into a small piece of Styrofoam. Water carrying 

the foam flowed by a peristaltic pump through tubing (0.32 cm diameter) to the detection 

region of the gradiometer. As a control, an identical piece of Styrofoam without sample 

was also introduced into circulation. Figure 2 shows the results for two flow rates, 30 

ml/min and 150 ml/min,  which correspond to residence times of 30 ms and 160 ms, 

respectively, in the detection region. Each time the Styrofoam with the magnetic particle 

passed the gradiometer, a spike-like signal was produced, while the control Styrofoam 

produced no discernible signal. The average signal amplitude was much smaller for faster 

flow,  since  particle  spent  less  time in  the  detection region.  The magnitude and time 

dependence of the signal fluctuated between successive detections, most likely due to the 

random position and orientation of the particle in the detection region. From the signal-

to-noise ratio in the slower flow, we estimate the detection limit to be a single cobalt 

particle with ~20  µm diameter. This estimation assumes multi-domain structure of the 

particles, and the scaling of their magnetic moment as square root of the volume. For 

single-domain particles, much smaller ones can be detected. In this case, we can estimate 

the detection limit to be ~5 µm diameter, given the present sensitivity of the gradiometer. 

The throughput can be increased up to 1200 ml/min using larger-diameter tubing, with 

the current spacing of 1 cm between the two cells. Therefore,  such magnetic particles 

can be detected at essentially arbitrarily low concentrations in a large volume, and with 

high throughput.

Two  types  of  smaller  particles  were  measured  similarly.  One  type  was  a 

superparamagnetic suspension containing amine-coated magnetite particles with ~1  µm 
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diameter  (Sigma-Aldrich,  I7643).  The  sample  was  prepared  by  loading  18  nl  of  a 

suspension into a piece of capillary (diameter 150 µm, 1 mm length) and wrapping the 

capillary with Styrofoam. The total number of particles in the sample was ~4.5x105. The 

results are shown in Fig. 3, with water flow rate 160 ml/min. Panel (a) shows typical real 

time detection as the particles circulate. In order to measure the possible relaxation of the 

magnetization of the superparamagnetic particles, we continuously monitored the signal 

for over 1400 seconds. Averages of ten consecutive measurements are plotted versus the 

average measurement time after initial magnetization of the sample by a 3 kG permanent 

magnet. [Fig. 3(b)]. (To ensure full magnetization was reached, we also tried to use 20 

kG  field  for  magnetization,  which  made  no  substantial  difference  on  the  signal 

amplitude.) No significant decay was observed for the time span of the experiment. From 

the amplitude of the averaged signal, we obtained the current detection limit to be 0.2 nl, 

or 5x103 particles. The leading field was also varied. We observed no signal dependence 

on the magnitude of the leading field.

The other sample was a ferromagnetic fluid (Strem Chemicals, 27-0001, 120 kA/m 

magnetization) incorporating cobalt nanoparticles with diameter ~10 nm. The sample was 

loaded in  a  similar  fashion  to  the  superparamagnetic  particles  mentioned above.  The 

ferromagnetic  fluid with cobalt  nanoparticles  produced strong signal  because of  their 

high magnetization (Fig. 4, water flowing at 130 ml/min). From the average signal-to-

noise  ratio  of  360,  we estimated the  smallest  detectable  amount  to  be 50 pl  for  this 

specific ferromagnetic fluid, with a detection time constant of 30 ms.

These experiments suggest diverse applications for our method. The ability to detect 

rare events (single particles)  in a large amount  of sample could be used for  security 
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applications to screen for magnetically labeled viruses in dilute environments or for in-

line  quality  control  devices  for  industrial  processes  involving  magnetic  products  or 

impurities  (for  example,  detection  of  ferromagnetic  particulates  in  engine  oil).  Our 

method also has potential applications in biological and medical research. The ultrahigh 

sensitivity could allow detection of trace amounts of proteins, DNA, or antibodies that 

have been labeled by magnetic beads, and in the study of biochemical events associated 

with the aggregation of magnetic particles. 

The  detection  limit  could  be  improved  significantly  by  further  optimization  and 

modification  of  the  apparatus.  For  example,  sensitivity  can  be  improved  by  using 

additional  sensor  cells.  A higher-order  gradiometer  can thus  be  formed,  which could 

allow one to eliminate the need for magnetic shielding. Smaller alkali vapor cells18 will 

also be investigated which can be put closer to the sample, improving the filling factor of 

the sample which, consequently enhances the detection limit, and allowing the method to 

be coupled with microfluidic applications 
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FIG. 1. Schematic of the setup for particle detection. BS: beam splitter; PP: polarizer 

prism; PD: photodiode; MS: magnetic shield.

FIG. 2. Detection of a circulating cobalt particle carried by water at two different flow 

rates: (a) 30 ml/min; (b) 150 ml/min.
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FIG. 3. Detection of 18 nl superparamagnetic magnetite suspension (4x105 particles): 

(a) Typical real time detection; (b) Averaged signal (peak-to-peak) of ten consecutive 

measurements as a function of experimental time.

FIG.  4.  Detection  of  18  nl  ferromagnetic  fluid  of  cobalt  nanoparticles  (8.2%  in 

kerosene, 1.5 kG magnetization). 
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Molecular Imaging Using a
Targeted Magnetic Resonance
Hyperpolarized Biosensor
Leif Schröder,1,2 Thomas J. Lowery,1,3 Christian Hilty,1,2 David E. Wemmer,1,3* Alexander Pines1,2*

A magnetic resonance approach is presented that enables high-sensitivity, high-contrast molecular
imaging by exploiting xenon biosensors. These sensors link xenon atoms to specific biomolecular
targets, coupling the high sensitivity of hyperpolarized nuclei with the specificity of biochemical
interactions. We demonstrated spatial resolution of a specific target protein in vitro at micromolar
concentration, with a readout scheme that reduces the required acquisition time by 93300-fold
relative to direct detection. This technique uses the signal of free hyperpolarized xenon to
dramatically amplify the sensor signal via chemical exchange saturation transfer (CEST). Because it
is È10,000 times more sensitive than previous CEST methods and other molecular magnetic
resonance imaging techniques, it marks a critical step toward the application of xenon biosensors
as selective contrast agents in biomedical applications.

M
agnetic resonance imaging (MRI) is

established as a powerful method for

tomography of opaque biological sam-

ples (1). However, its application in molecular

imaging (determining the spatial distribution of

specific molecules of interest) has been limited be-

cause of inherent low sensitivity (2). Conventional

MRI techniques usually detect highly abundant

nuclei, such as protons (1H) of water (110 M 1H

concentration) and/or fat, to guarantee sufficient

signal intensity despite the low thermal polar-

ization. Contrast agents, including some that

bind to specific biomolecular targets, have been

developed that induce small but detectable

changes in these strong signals. However, the

required contrast agent concentration is È0.5 to

2 mM for signal changes based on relaxation

enhancements (2) or saturation transfer experi-

ments (3). Application of exogenous 129Xe cir-

cumvents limitations in sensitivity and contrast,

because Xe nuclei can be hyperpolarized before

transfer into the system of interest and their nu-

clear magnetic resonance (NMR) frequencies are

extremely sensitive to themolecular environment.

Hyperpolarization amplifies the available magne-

tization by a factor of 9104, and it is currently

used to increase anatomical contrast in MRI for

imaging of void spaces such as the lung (4).

Detection of specific biomolecules in a solu-

tion environment can be accomplished by xenon

biosensors, which trap Xe atoms in molecular

cages that have been functionalized to bind the

desired target (5, 6). Xenon biosensors are com-

posed of a cryptophane-A cage (7), a linker,

and a targeting moiety (Fig. 1A), which can be

an antibody or ligand that enables detection of a

specific analyte. The cage-encapsulated xenon

nuclei give rise to a unique signal that is well

shifted from that of free Xe. Hence, these

compounds act as selective imaging contrast

agents for near-zero background MRI that

benefit from the high specificity of biochemical

targeting (5, 6). The excellent resolution of free

and biosensor-bound Xe was used recently to

obtain a one-dimensional NMR profile from a

bead-immobilized biosensor in a perfusion phan-

tom that delivers Xe-saturated water to a test

volume inside the NMR probe (8). This setup

mimics in principle Xe delivery to a biosensor-

labeled volume of interest as it would be pro-

vided by the blood stream in vivo after injection

or inhalation. Direct application of the xenon

biosensor to molecular imaging has been im-

paired by the fact that, for typical experiments,

only È1% of dissolved Xe is associated with the

sensor (9). A further challenge was shown to lie

in the broadening of sensor signal in heteroge-

neous samples (8, 9), leading to a significant re-

duction in signal to noise.

Here, we introduce a different approach for

obtaining MR images of Xe biosensors that

is based on chemical exchange between the

biosensor-encapsulated Xe and the easily detect-

able pool of free Xe (10), thusmaking optimized

use of the available biosensor-associated mag-

netization. These Xe nuclei fulfill the conditions

of slow exchange on theNMR time scale; that is,

the frequency difference of the resonances (Dw)
is large compared with the exchange rate (t

ex
j1)

between the two sites: Dw d t
ex
j1. Such ex-

change is used for signal amplification bymeasur-

ing a decrease in the intense free xenon signal

after selective saturation of the biosensor-bound

xenon. Exchange-mediated depletion of the free

xenon signal requires that the exchange rate be

fast compared with the longitudinal relaxation

time of free xenon (t
ex
j1 d T

1
j1) and that the

saturation be effective (transition rateW Q t
ex
j1).

With a value of T
1
, 66 s in water (11) at 9.4 T

and exchange dynamics characterized by t
ex

,

40 ms (10), Xe nuclei in the sensor cages are

ideal for saturation transfer.

The applied technique is similar to chemical

exchange saturation transfer or CEST (12),

which was previously developed for use with

proton contrast agents. However, because the

method presented here, HYPER-CEST, uses

hyperpolarized nuclei with a long relaxation

time, nearly the entire sensor-related magnetiza-

tion depletion is stored in the observed signal.

This scheme allows substantial sensitivity

improvement, which we demonstrated with two-

dimensional images that were obtained in a

few minutes of a biosensor solution sample with

È5 mM concentration of a recently described

biosensor construct (8, 9) that binds via its

biotin moiety to avidin-functionalized agarose

beads in an aqueous environment. The 129Xe

NMR spectra of such bead samples were com-

posed of three different signals (Fig. 1A): free

Xe in the bead medium resonates at d
1
0 193.6

parts per million (ppm) (referred to as Bbead
signal[ in the following), free Xe in pure water

at d
2
0 192.5 ppm, and Xe inside the biosensor

cage at d
3
0 65.4 ppm (chemical shifts are
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calibrated relative to the Xe gas signal at d 0 0

ppm). Selective presaturation around d
3
ini-

tiated the HYPER-CEST process (Fig. 1B) that

accumulates selectively depolarized nuclei in a

cyclic process (Fig. 1B). Because the depolar-

ized magnetization M
z
0 0 cannot be detected

directly, the difference between MRI data sets

with on- and off-resonant presaturation allows

for sensitive detection of sample regions of

dilute biosensor.

Chemical shift imaging (CSI) is an MRI

method that preserves the intrinsic frequency

information of NMR signals (13). It uses pulsed

magnetic field gradients to generate phase-

encoded signals in the frequency domain and

provides maps of spatially resolved NMR spec-

tra after two-dimensional Fourier transforma-

tion (FT). This method yields selective images

for any spectral component. To demonstrate

specificity of the biosensor imaging method, we

embedded agarose beads in a flow system de-

scribed previously (8) such that the volume of

interest is divided into two compartments (Fig.

2A). Volume 2 contained avidin-agarose beads

(9) with biosensor bound at a concentration of

5 mM, and volume 1 contained biosensor-free

beads. The phantom was attached to an appara-

tus that provides perfusion with Xe-saturated

water, as previously described (8). The concen-

tration of detectable nuclei was equivalent to

È2 mM of 100% polarized xenon (È260 mM

xenon with the natural 25% 129Xe, polarized to

P 0 3%). Direct detection of the sensor at a

concentration of 50 mM in volume 2 required

signal averaging of 256 transients Esignal-to-noise
ratio (S/N) È 3.5, biosensor linewidth È210 Hz,

Fig. 1A^; therefore È25,000 transients were nec-

essary to directly observe the sensor at 5 mM
even without any spatial resolution. Application

of the sensitive HYPER-CEST technique enabled

localized detection of this biosensor concentra-

Fig. 1. Sensitivity-enhanced NMR detection of Xe biosensors. (A) Chemical
structure of the Xe biosensor illustrating the cryptophane-A cage (green), the
linker (black), the targeting moiety (biotin in this case, orange), and the
peptide chain (purple) that is required for sufficient water solubility. The 129Xe
NMR spectrum of this construct at 50 mM bound to avidin agarose beads
yields only a broad, weak resonance from encapsulated Xe at d3, even for 256
acquisitions. Chemical exchange with free Xe outside the cage (resonance d1)

enables sensitivity enhancement by depolarizing the d3 nuclei and detecting at
d1. (B) Amplifying the cage-related magnetization using HYPER-CEST. Selective
saturation of biosensor-encapsulated Xe (green) and subsequent chemical
exchange with the free Xe (blue) allows accumulation of depolarized nuclei
(red). This procedure corresponds to continuous depolarization of cage-related
magnetization that can be measured indirectly after several cycles by the
difference between initial and final bulk magnetization.

Fig. 2. Demonstration of HYPER-CEST on a two-compartment phantom. (A) Transverse 1H NMR
image of the two-compartment phantom containing avidin-agarose beads. The biosensor is only
present in volume 2. Two voxels were selected to allow demonstration of saturation transfer: the red
voxel as part of the sensor-marked volume and the blue voxel as part of the control compartment.
(B) Localized 129Xe NMR spectra (absolute signal) from the two voxels marked in (A). Undisturbed
resonances from the bead-associated Xe in the biosensor-labeled volume (red) and the control
volume (blue) are obtained for off-resonant cw saturation, whereas on-resonant saturation depletes
the signal in compartment 2. The difference spectrum reveals signal only for resonances arising
from species involved in the chemical exchange with the biosensor cage.
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tion with only two complete CSI acquisitions

(Materials and Methods).

The specificity of the HYPER-CEST effect to

biosensor-containing regions is excellent (Fig. 2B).

A reference spectrum is given for off-resonant

4-s continuous wave (cw) saturation at d
off

0
d
1
þ (d

1
j d

3
) 0 d

1
þ D. Switching the fre-

quency to d
on
0 d

1
– D 0 d

3
causes a significant

depletion of the bead signal at d
1
for 2, whereas

the spectrum from volume 1 remains essentially

unaffected. Hence, the Fourier transform of the

difference raw data only contains bead signal for

areas participating in the saturation transfer as a

consequence of biosensor labeling.

The corresponding images in Fig. 3 illustrate

the inherent multimodal contrast of our tech-

nique, i.e., imaging contrast provided by both

the chemical shift information and the tunable

HYPER-CEST effect. The data set with off-

resonant presaturation displays the compartments

that contain both types of beads when only the

signal intensity at d
1
is evaluated (Fig. 3A). This

Xe image matches precisely the geometry seen

in the conventional 1H MR image in Fig. 2A.

Additional information is given by plotting the

signal distribution of the solution dissolved

xenon peak, d
2
. It displays the surrounding

outlet tube of the phantom (Fig. 3B), i.e., a vol-

ume that contains the perfusion agent but that

does not contain the biosensor or its molecular

target. These images show a near-zero back-

ground because of the good spectral discrimina-

tion of the signal components. On-resonant

presaturation depletes the d
1
signal in compart-

ment 2, leaving the signal in compartment 1

undisturbed (Fig. 3C). The difference image for

d
1
(Fig. 3D) only contains signal from volume

2 where the biosensor is present. The solution

signal remains nearly unaffected by switching

the saturation frequency.

HYPER-CEST does not compete with re-

laxation of thermally polarized nuclei; i. e., there

is no counteracting effect of repolarization as

would be the case for the saturation of thermally

polarized nuclei. Thus, the concentration of the

detected nuclei can be even lower than that of

the contrast agent, i.e., 2 mM versus 5 mM in our

case; a comparison with conventional CEST ap-

plications shows the gain provided by the pro-

cess of selective depletion. Using water protons

as the detectable pool in conventional CEST

requires large magnetic fields to decrease re-

laxation effects and increase the frequency dif-

ference to the saturated component. The latter

problem was partially circumvented by incor-

porating paramagnetic ions in contrast agents, a

technique called PARACEST (3). Because those

agents have only one coordination site for water

molecules, even relatively high concentrations

(2 mM, i.e., 800 times more active sites than in

this study) cause a signal decrease of no more

than 4 to 12%, even when the concentration of

polarized nuclei is 2600-fold higher (5.2 mM

for water at 7 T) compared with our setup. A

contrast comparable to the results reported here,

i.e., a signal decrease of 40 to 50%, was ob-

served with CEST by using exchangeable sites

on macromolecules at 100 mM (14). However,

those results for poly-L-lysine were based on

concentrations of 700 mM for the exchangeable

sites and 8.7 mM for the polarized nuclei (water

at 11.7 T). Hence, the sensitivity gain given by

HYPER-CEST provides the same contrast with

only 1/140,000 of active sites and 1/4350 of

detectable nuclei.

The results presented emphasize the high

potential for molecular imaging based on the Xe

biosensor in combination with HYPER-CEST.

If the same images were acquired with the use of

a conventional direct-detection methodology,

over 870 hours would be required (Materials

andMethods). Therefore, this technique marks a

critical step toward the application of xenon

biosensors as a selective contrast agent in bio-

medical MRI. Because the specificity of the

sensor is determined by the functionality of its

targeting agent, we envision that the combina-

tion of HYPER-CEST with the xenon biosensor

can be used to image any molecular target for

which an affinity agent (e.g., ligand or antibody)

is known. Sensitivity relies predominantly on the

S/N of the resonance of free Xe and is in-

dependent of the biosensor signal linewidth that

previously limited the S/N (8). Moreover, this

technique provides an adjustable contrast that

can be switched on and off at will, because the

HYPER-CEST effect depends on the saturation

power Eof course, the signal contrast as given in
Fig. 2B also depends on the biosensor concen-

tration (Materials and Methods)^. At this stage,
we can detect a voxel of 22.5 ml , (2.8 mm)3 in

a coil volume of circa (ca.) 2.8 ml for a bio-

sensor concentration of 5 mM. However, several

possibilities for improvement should lead to

even further sensitivity enhancement. Using iso-

topically enriched 129Xe will increase the S/N

by a factor of È4, and optimized polarization

procedures (15) can increase the signal by

another factor of 15. Hence, these straight-

forward optimizations decrease the limit of de-

tection by 60-fold to È85 nM of Xe biosensor.

This limit can be further decreased by increasing

the cage-to-target ratio via chemical means, by

designing the probe constructs such that the

target molecule binds more than one biosensor

(avidin, for example, has a capacity of 4), or by

constructing each biosensor from more than

one cryptophane cage, for example through

dendrimeric amplification (16). By using these

means, the minimum concentration of the target

structure should reach the low nM to high pM

range for optimized in vitro experiments. Hence,

application of HYPER-CEST to xenon biosen-

bead signal
HYPER-CEST off

pure perfusion medium
insensitive to presaturation

A 

B 

bead signal
HYPER-CEST on

bead signal difference
= biosensor image

C 

 D

12

  9

  6

  3

  0
 mm             3              6              9            12

Fig. 3. Molecular imaging of the Xe biosensor (overlay of transverse 129Xe images obtained from CSI
data sets with the 1H image shown in Fig. 2A). (A) Selective image for the bead signal at d1 and off-
resonant cw saturation. (B) Selective image of the pure solution signal at d2. This signal corresponds to
the surrounding outlet tube and is not affected by any saturation transfer. (C) On-resonant saturation
of the biosensor resonance substantially depletes the d1 signal in volume 2. (D) The difference image
of the two CSI data sets yields an exclusive mapping of compartment 2, i.e., a molecular image of the
Xe biosensor.
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sors represents an additional dimension of

sensitivity and specificity for molecular imag-

ing. The depletion process generating the image

contrast depends on several parameters, includ-

ing saturation power and time, sensor concen-

tration, and ambient temperature. The latter

parameter provides another promising approach

to increase sensitivity even further, because the

exchange rate increases considerably when ap-

proaching 37-C (10). Characterization of the

saturation dynamics is currently under way and

will reveal optimized parameters for future

applications.

The technique is also quite promising for

biomedical imaging in vivo. A typical surface

coil of 20 cm diameter detects a volume of ca.

2.1 liters, thus decreasing S/N for a (2.8 mm)3

voxel by a factor of 27.2 compared with our

setup. This loss is less than 50% of the gain for

an optimized system using 945% polarized

isotopically enriched 129Xe. An isotropic reso-

lution of 2 to 3 mm is feasible without signal

averaging for a concentration of pure polarized
129Xe that is È2 mM in tissue. This minimum

value is below those observed for direct

injection of Xe-carrying lipid solutions into rat

muscle (70 mM) or for inhalation delivery for

brain tissue (8 mM) used in previous studies

that demonstrated Xe tissue imaging in vivo

(17). Sensitive molecular imaging of the bio-

sensor is therefore possible as long as the

distribution of dissolved xenon can be imaged

with sufficient S/N and the biosensor target is

not too dilute, because HYPER-CEST is based

on the detection of the free Xe resonance, not

direct detection of the biosensor resonance.

The HYPER-CEST technique is amenable to

any type of MRI image acquisition methodology.

We demonstrated CSI here, but faster acquisition

techniques that incorporate a frequency encoding

domain such as FLASH (fast low angle shot)

have been successfully used to acquire in vivo Xe

tissue images (17).

The modular setup of the biosensor (i.e., the

nuclei that are detected are not covalently bound

to the targeting molecule) allows accumulation

of the biosensor in the tissue for minutes to hours

before delivery of the hyperpolarized xenon

nuclei, which have much higher diffusivity. In

combination with the long spin-lattice relaxation

time of Xe, this two-step process optimally pre-

serves the hyperpolarization before signal acqui-

sition. Biosensor cages that yield distinct xenon

frequencies allow for multiplexing to detect

simultaneously several different targets (18).

Also the serum- and tissue-specific Xe NMR

signals (19, 20) arising after injection of the

carrier medium can be used for perfusion studies

(Fig. 3B) in living tissue, making Xe-CSI a

multimodal imaging technique.
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Wetland Sedimentation from
Hurricanes Katrina and Rita
R. Eugene Turner,1,2* Joseph J. Baustian,1,2 Erick M. Swenson,1,2 Jennifer S. Spicer2

More than 131 � 106 metric tons (MT) of inorganic sediments accumulated in coastal wetlands
when Hurricanes Katrina and Rita crossed the Louisiana coast in 2005, plus another 281 � 106 MT
when accumulation was prorated for open water area. The annualized combined amount of
inorganic sediments per hurricane equals (i) 12% of the Mississippi River’s suspended load, (ii)
5.5 times the inorganic load delivered by overbank flooding before flood protection levees were
constructed, and (iii) 227 times the amount introduced by a river diversion built for wetland
restoration. The accumulation from hurricanes is sufficient to account for all the inorganic
sediments in healthy saltmarsh wetlands.

I
norganic sediments accumulating in coastal

wetlands may be delivered from inland

sources via (i) unconstrained overbank flood-

ing, (ii) explosive releases through unintentional

breaks in constructed levees, and (iii) river diver-

sions. They may also arrive from offshore during

tidal inundation or storm events. It is important to

know the quantities delivered by each pathway to

understand how inorganic sediments contribute

to wetland stability and to spend wetland res-

toration funds effectively. Here we estimate the

amount of inorganic sediments deposited on

wetlands of the microtidal Louisiana coast

during Hurricanes Katrina and Rita.

Hurricanes Katrina and Rita passed through

the Louisiana (LA) coast on 29 August and 24

September, 2005, respectively, leaving behind a

devastated urban and rural landscape. Massive

amounts of water, salt, and sediments were re-

distributed across the coastal zone within a few

hours as a storm surge of up to 5 m propagated in

a northerly direction at the coastline south of New

Orleans, LA (Katrina), and near Sabine Pass,

Texas (TX) (Rita), inundating coastal wetlands in

the region. A thick deposit of mud remained in

these coastal wetlands after the storm waters re-

ceded (Fig. 1). We used this post-storm remnant

to learn about how coastal systems work.

The loss of LA_s coastal wetlands peaked be-

tween 1955 and 1978 at 11,114 ha year–1 (1)

and declined to 2591 ha year–1 from 1990 to

2000 (2). Coastal wetlands, barrier islands, and

shallow waters are thought to provide some pro-

tection from hurricanes, by increasing resistance

to storm surge propagation and by lowering hur-

ricane storm surge height (3). Restoring LA_s
wetlands has become a political priority, in part

because of this perceived wetland/storm surge

connection. A major part of LA_s restoration

effort is to divert part of the Mississippi River

into wetlands, and at considerable cost Eref.
(S1) in supporting online material (SOM)^.
Widely adopted assumptions supporting this
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