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Michel Borghini and the
rise of polarized targets

Colleagues and friends recall the work of a
pioneer of a key technique in high-energy
particle physics.

Michel Borghini, who passed away unexpectedly on 15 December
2012, was at CERN for more than 30 years. Born in 1934, Michel
wasacitizen of Monaco. Hegraduated from Ecole Polytechniquein
1955 and went on to obtain adegreein electrical engineering from
Ecole Supérieure d Electricité, Paris, in 1957. He then joined the
group of Anatole Abragam at what wasthe Centred EtudesNuclé-
aires, Saclay, where he took part in the study of dynamic nuclear
polarizationthat led tothedevelopment of thefirst polarized proton
targetsfor usein high-energy physicsexperiments. It washerethat
he gained the experience that he was to develop at CERN, to the
great benefit of experimental particlephysics.

The basic aim with apolarized target isto line up the spins of
theprotons, say, inagivendirection. In principle, thiscan bedone
by aligning the spinswith amagnetic field but the magnitude of
the proton’s magnetic moment is such that it takes ittle energy to
knock them out of alignment; thermal vibrations are sufficient.
Even at low temperaturesand reasonably high magneticfields, the
polarization achieved by this*bruteforce” method issmall: only
0.1% at atemperature of 1K and in an applied magnetic field of
1T. Toovercomethislimitation, dynamic polarization exploitsthe
much larger magnetic moment of el ectronsby harnessing the cou-
pling of free proton spinsin amaterial with nearby free electron
spins. At temperatures of about 1K, the electron spinsare almost
fully polarized in an external magnetic field of 1T and the appli-
cation of microwaves of around 70 GHz induces resonant transi-
tionsbetweenthespinlevel sof coupled e ectron—proton pairs. The
effectistoincreasethenatural, small proton polarization by more
than two orders of magnitude. The polarization can be reversed
with adight change of the microwave frequency, with no need to
reversetheexternal magneticfield.

First experiments

In 1962, Abragam’s group, including Michel, reported on what
was the first experiment to measure the scattering of polarized
protons—inthiscasea20MeV beam derived from the cyclotron
at Saclay — off apolarized proton target (Abragam et al. 1962).
Thetarget wasasingle crystal of lanthanum magnesium nitrate

Voruss 20, Nusses § PHYSICAL REVIEW LETTERS 16 Fmnuany 1068

SPIN-TEMPERATURE MODEL OF NUCLEAR DYNAMIC POLARIZATION USING FREE RADICALS
M. Borghini
CEIEN, Genera, Switzerland
{Thecrived 22 danaary 1995}

valid ut bow temperutare, of mciesr dynamic
wils g=Iaotor snlavtropy aud lyperfise struo-
ions for the macimem polarization eaTresponding 1o s fros Fadicals
are compared with experiment.

Sizabile dysamie polarizations of protons have
recently been obtained in solkd samgles con-
taining free radicals as paramagnetic centers, '™
Although the & teasors of these radicals have
small anisotropies by corrend standards, for
example,’ £ oy ~fmip = 1077-1077, the corre-
sponding [requency spresd in the high flelds

ing of the electroaic resomance line due lo Xgg
is much smaller than it broadening coming
from anisotropy and hyperfine interactions.
This allows one to avold using the “kigh-tom-
perature approximation®,” asd thus to evals-
ate realistic upper limits for the puclear po-
larkzation in sirong flelds at low lemperatures;
besides this, such a condition is satisfied In

used for such dynamic polarizations, for ex-

Michel’s 1968 paper on his “spin-temperature model”.

(La,Mg,4(NO,),,.24H,0 or LMN), with 0.2% of the La® replaced
with Ce*, yielding aproton polarization of 20%.

Michel moved to CERN threeyearslater, where he and others
from Saclay and CERN had just tested a polarized target in an
experiment on proton—proton scattering at 600 MeV at the Syn-
chrocyclotron (SC) (CERN Courier December 2007 p12). Devel-
oped by the Saclay group for the higher energy beamsof the Proton
Synchrotron (PS), thetarget consisted of acrystal of LMN 4.5cm
long with transverse dimensions 1.2 cmx 1.2cm and doped with
1% neodymium. It wascooled toaround 1 K ina*Hecryostat built
inSaclay by PierreRoubeau, inthefield of a1 8T magnet designed
by CERN'’s Guido Petrucci and built in the SC workshop. This
target, with an average polarization of around 70%, was used in
several experimentsat the PS between 1965 and 1968, in both pion
and proton beams with momenta of several GeV/c. These experi-
mentsmeasured the pol ari zation parameter for s elastic scattering
and for the charge-exchange reaction wp—n®n at small values of
t, the square of thefour-momentum transfer, typically, |t| < 1Gev2.

InLMN crystals, thefraction of free, polarized protonsisonly
around 1/16 of the total number of target protons. As a conse-
guence, the unpolarized protons bound in the La, Mg, N and O
nuclel formed a serious background in these early experiments.
Thisbackground was reduced by imposing on the final-state par-
ticlesthe strict kinematic constrai nts expected from the collisons
off protons at rest; the residual background was then subtracted
by taking special datawith a“dummy” target containing no free
protons.

Michel’sgroup at CERN thus began i nvestigati ng the possibil-
ity of developing polarized targets with a higher content of free
protons. Inthiscontext, in 1968 Michel published twoimportant >
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papers in which he proposed a new phenomenological model of
dynamic nuclear polarization: the “spin-temperature model”
(Borghini 1968a and 1968b). The model suggested that sizable
proton polarizations could be reached in frozen organic liquids
doped with paramagnetic radicals. Despite some initial scepticism,
in 1969 Michel’s team succeeded in measuring a polarization of
around 40% in a5 cm®sample consisting of tiny beads made from
afrozen mixture of 95% butanol (C,H,OH) and 5% water saturated
with the free-radical porphyrexide. The beads were cooled to 1 K
in an external magnetic field of 2.5 T and the fraction of free, polar-
ized protons in the sample was around 1/4 —some four times higher
than in LMN (Mango, Rundélfsson and Borghini 1969).

The group at CERN went on to study a large number of organic
materials doped with free-paramagnetic radicals, searching for
the optimum combination for polarized targets. In this activity,
where cryostats based on *He—*He dilution capable of reaching
temperatures below 0.1 K were developed, Michel guided two PhD
students: Wim de Boer of the University of Delft (now professor
at the Karlsruhe Institute of Technology) and Tapio Niinikoski of
the University of Helsinki, who went on to join CERN in 1974.
They finally obtained polarizations of almost 100% in samples of
propanediol (C;H;0,) doped with chromium (V) complexes and
cooledto0.1K, inafield of 2.5T, with 19% free, polarized protons.

In this work, the concept of spin temperature that Michel had
proposed was verified by polarizing several nuclei simultaneously
in a special sample containing **C and deuterons. The nuclei had
different polarizations but their values corresponded to a single
spintemperature in the Boltzmann formula giving the populations
of the various spin states.

These targets were used in anumber of experiments at CERN, at
both the PS and the Super Proton Synchrotron (SPS). They meas-
ured polarization parameters in the elastic scattering of pions,
kaons and protons on protons in the forward diffraction region
and at backward scattering angles; in the charge-exchange reac-
tions K-p — K°n and pp — Tin; in the reaction s-p — K°A% and in
proton—deuteron scattering. In all of these experiments, Jean-
Michel Rieubland of CERN provided invaluable help to ensure a
smooth operation of the targets.

In the early 1970s, Michel also initiated the development of
“frozen spin” targets. In these targets, the proton spins were first
dynamically polarized in a high, uniform magnetic field, and then
cooled to alow enough temperature so that the spin-relaxation rate
of the protons would be slow even in lower magnetic fields. The
targets could then be moved to the detector, thus providing more
freedom in the choice of magnetic spectrometers and orientations
of the polarization vector. The first frozen spin target was success-
fully operated at CERN in 1974.

In 1969, Michel took leave from CERN to join the Berkeley
group led by Owen Chamberlain working at SLAC, where he took
part in a test of T-invariance in inelastic e* scattering from polar-
ized protons in collaboration with the SLAC group led by Richard
Taylor. The target, built at Berkeley, was made of butanol and the
SLAC 20 GeV spectrometer served as the electron (and positron)
analyser. The experiment measured the up—down asymmetry for
transverse target spin for both electrons and positrons. No time-
reversal violations were seen at the few per cent level.
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Michel during his time with the CERN Staff Association.

Michel took leave to work at SLAC again in 1977, thistime ona
search for parity violation in deep-inelastic scattering of polarized
electrons off an unpolarized deuterium target. Here, he worked
on the polarized electron source and its associated laser, as well
as on the electron spectrometer. The small parity-violation effects
expected from the interference of the photon and Z exchanges
were, indeed, observed and published in 1978. Michel then moved
to the University of Michigan at Ann Arbor, where he joined the
group led by Alan Krisch and took part in an experiment to meas-
ure proton—proton elastic scattering using both a polarized target
and a 6 GeV polarized beam from the 12 GeV Zero Gradient Syn-
chrotron at Argonne National Laboratory.

Michel left CERN’s polarized target group in 1978, succeeded
by Niinikoski. Writing in 1985 on major contributions to spin phys-
ics, Chamberlain listed the people that he felt to be “the heroes—the
people who have given [this] work a special push” (Chamberlain
1985). Michel is the only one that he cites twice: with Abragam and
colleagues for the first polarized target and the first experiment to
use such atarget; and with Niinikoski, for their introduction of the
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frozen spin target and showing the advantages of powerful (dilu-
tion) refrigerators. Today, polarized targets with volumes of several
litresand large *He—*He dilution cryostats are still in operation, for
example in the NA58 (COMPASS) experiment at the SPS, where
the spin structure of the proton has been studied using deep-inelas-
tic scattering of high-energy muons (CERN Courier July/August
2006 p15 and September 2010 p34). Dynamic nuclear polarization
has also found applications in medical magnetic-resonance imag-
ing and Michel’s spin-temperature model is still widely used.

Inthe 1980s, Michel took part inthe UA2 experimentat CERN’s
SPS proton-antiproton collider, where he contributed to the cali-
bration of the 1444 analogue-to-digital converters (ADCs) that
were used to measure the energy deposited in the central calo-
rimeter. He wrote all of the software to drive the large number of
precision pulse-generators that monitored the ADC stability dur-
ing data-taking.

From 1983 to 1996, he was a member of the Executive Commit-
tee of the CERN Staff Association, being its vice-president until
1990 and then its president until June 1996. After retiring from
CERN in January 1999, he returned to Monaco where in 2003 he
was nominated Permanent Representative of Monaco to the United
Nations (New York), a post that he kept until 2005.

Michel was an outstanding physicist, equally at ease with theory
and being in the laboratory. He had broad professional compe-
tences, a sharp, analytical mind, imagination and organizational
skills. He is well remembered by his collaborators for his wisdom
and advice, and also for his quiet demeanour and his keen but often
subtle, sense of humour. His culture and interests extended well
beyond science. He was also a talented tennis player. He will be
sorely missed by those who had the privilege of working with him,
or of being among his friends. Much sympathy goes to his two
daughters, Anne and Isabelle, and to their families.
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Résumé
Michel Borghini et 'avénement des cibles polarisées

Michel Borghini, qui nous a quittés en décembre 2012, a été le
pionnier d’une technique essentielle de la physique des particules.
1l a commencé sa carriére au Centre d’études nucléaires de

Saclay, ot il a travaillé avec Anatole Abragam sur les études de
polarisation nucléaire dynamique qui ont abouti aux premieres
cibles de protons polarisés pour la physique des hautes énergies.

Au CERN, le groupe de Borghini a réalisé des avancées importantes
dans le développement de cibles a base de liquides organiques
gelés, pouvant permettre des polarisations de protons élevées. Dans
cetarticle, ses collegues et amis rappellent différents aspects de ses
contributions aux expériences, au CERN et ailleurs.

His colleagues and friends, at CERN and elsewhere.
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Along term partnership in the ultra-high vacuum
technology between SAES Group and CERN

SAES Group has been pioneering the development
and manufacturing of special getter materials in a
variety of vacuum devices since more than 70 years.
Thanks to a close technical cooperation, many SAES
getters pumping solutions have been tested and
used by CERN since more than 30 years, paving the
way to a larger diffusion of getter technology to meet
UHV-XHV challenges in particle accelerators. Today,
SAES Group is supplying the new generation of
getter vacuum pumps NEXTorr®, that combine high
sorption speed forall the gassesinacompact volume:
the unique characteristics of NEXTorr® will enable improved vacuum performances in particles
accelerators as well as reduced footprint and savings in the maintenance area.

SAES Group is also licensee of the not evaporable getter (NEG) film coating technology developed
in the 90s’ at CERN. SAES Group supplied NEG coated chambers to the most important particles
accelerators in Europe, US and Asia. This technology nicely complements the getter pumps product
line, thus allowing SAES Group to offer a complete portfolio of solutions for Particle Accelerators and
High Energy machines.

v Pumping speed 3600 1/s (H2)
T[S0 www.saesgroup.com v Capacity 980 Torr/I (H2)

group email: neg_technology@saes-group.com v CF150 / CF 200
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