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Abstract

The last stage of ionization cooling for the muon collider
m@rcs a multistage fiquid lithlum lens. This system
uses a large (-0.5 MA) prrfsed current thruough fiqrrid
lithium to focus the beam while energy loss in the
lithium removes momentum which will be seplaced by
linacs. The beam optics am designedto maximize the 6
dimensional transmission from one lens to the next while
minimizing emittarrce growth. The mechanical design of
th lithium vessel is constrained by a pressure pulse doe to
the sudden ohmic heating, and the stress on the w
window. We describe beam optics, the liquid lithium
pressure vessel, pumping, power supplies, as well as the
overall optimization of the system.

1 INTRODUCTION
The muon collider is being studied as a way of looking at
particle interactions at the energy frontier[l]. The event
rate in such a machine is goes like S-l, so the muon
ernittance, &, must be minimized.

An attractive configuration for final stages of g
cooling is obtained by passing the beam though a
conducting light metal rod which acts simultaneously as a
focusing element and as an energy loss absorber. l%e
magnetic fieId produced is given by E~r) =~”r/2, where i
is the current density, r the radius and #0 the permeability
constant. This azimuthaf magnetic field combines with
the IongitudinaJ velocity to obtain a radial focusing force
with the equation of motion, d2r/ds2+ Br/Bp = O. The
beta function for a Li lens is then ~1 = (Bp/B’)’n=(p/i)’n,
where the tieId gradient, B’, can be very large. For a Iens
with rm = 2 rum and the muon momentum in the lens, p
= 300 MeV/c, one cart achieve /11 = 1 cm, which is
difficuft to achieve with soIenoidrdfocusing systems.

Multiple scattering sets a lower limit to the ernittarrce
that can be obtained using this method. This limit is the
equilibrium emittance, .s%ti,m,where ionization coding is
balanced by multiple scattering,

o.0142pL
& . 112C,P=/31cl/3=(p/1)
‘q’N 2@c2 LRdEldx

,
where ~ is the radiation length, d.Wr is the energy loss,
x ~. ~d moate the relativistic energy factor, velocity and
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rest mass, and the constant C depends on the materird. For
Hydrogen, Lhhium and Beryllium this constant is 42, 79
and 103 mm-mr/cm respectively. Thus the lowest
emittances are obtained with low momenta. high current
densities, and low Z materirds. The lower momentum
limit is determinedby the muon velocity spread and the
slope of dE/& at low momentum, both of which increase
the emittance.

For muon cooling, relatively long Iengths am needed
to obtain large energy losses (total loss shoufd be a few
hundred MeV, at dlYd.r -87.5 MeV/m), and the high
ohmic power deposition associatedwith Klgher frequency
operation would melt the LI.

A complete Lhhirrm lens system would consist of a
number of fithkrm lenses, beam optics tequired to
transmit the beam from one lens to another, linacs used to
replace the momentum lost by ionization, and the
associated electronics and mechanical engineering sequitd
to maintain the liquid Lkhium, pump and pnlse it. Since
the performance of the muon colfider is xelated to the
current density in the lithium lens, one must look at the
structural and mechenicrdlimits of the design of the lens.

The present plan is to produce a conccptuaf design of
lenses with r = 0.5 cm, B- = 15 & 20 T, L = 1 m for
testing as part of the MUCOOL experiment[2]

2 THE PRESSURE PULSE
Thelithium lens is powered by a capacitor system which
produces a voltage proportional to a haff cosine wave
which produces a half sine wave current puke. The length
of the current pulse, r, must be sufficient to allow the

In to pne~ti the lens forskin depth, S = (~iz) ,
resistivity, pfi,of LMrium, which melts at 180 ‘C.
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Figure 1, Resistivity of LMrium.

The ohmic power produces beating, thermal expansion,
and subsequently pressure pulses which will ultimately
limit the performance of the lens. Power deposited in the
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Abstract

Certain radionuclide ions (e.g., TcO; ) exhibit unusually strong Affinities toward
the polymer-rich phase in aqueous biphase systems generated by combinations of salt
solutions with polymers such as polyethylene glycol) (PEG) and polypropylene glycol)
(PPG). Thus, aqueous polymer phases could potentially be used to selectively extract
these ions during pretreatment of radioactive tank wastes at Hanford. To help develop
a fundamental understanding of the interactions between various ions and polymers in
aqueous solution, interaction enthalpies between sodium perrhenate and a random
copolymer of PEG and PPG (UCON-50) were measured by microcalorimetric titration.
An entropy compensation effect was obsetved in this system in which changes in
enthalpic interactions were balanced by entropy changes such that the interaction free
energy remained constant and approximately equal to zero.
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INTRODUCTION

Aqueous biphasic systems are produced by mixtures of water-soluble polymers
with aqueous electrolytes. For example, when aqueous solutions of polyethylene
glycol) (PEG) or poly(vinylpyrrolidone) (PVP) are combined with inorganic salts, such as
sodium phosphate, ammonium sulfate, etc., at the proper concentrations, the mixture
separates into two immiscible aqueous phases.

Ananthapadmanabhan and Goddard (~) showed that phase separation in PEG-
salt-water systems is similar to the well-known phenomenon of clouding, which occurs
in polymer solutions upon heating. Clouding in aqueous PEG and PVP solutions
containing a number of inorganic salts has been investigated by Bailey and Collard (2),
Sekikawa et al. (~), Guner and -Ataman @), and others (5-8). All of these authors
reported that the salt effect on the suppression of the cloud point temperature of PEG
and PVP in aqueous solutions follows the Iyotropic series.

It was shown, in particular, that the salt effect on the cloud point of aqueous PEG
solutions correlates linearly with the salt/metal surface tension and was suggested by
Melander and Horvath (Q) as a measure of the salt’s influence on water structure.
Consistent with this, Thiyagarajan et al. (lQ) found that the effects of inorganic salts on
the cloud point of PEG in H20 and D20 correlates linearly with the change in water
entropy upon the addition of electrolytes. Additionally, it was found that in the presence
of biphase-promoting ions, PEG aggregation proceeded cloud-point induced phase
separation. On the other hand, in the presence of sodium nitrate, a salt which does not
show a linear relationship with cloud point lowering, the radius of gyration of PEG
remained constant and equal to the value observed in deionized water.

If the interactions between salt and polymer occur primarily through entropic
effects, one would not expect the partitioning of ions to be highly preferential. Indeed,
phase transfer agents have been used to effect selective partitioning of metal ions (n)
into the polymer-rich phase. It was therefore surprising that strong interactions between
pertechnetate (TcO;) and low-molecular-weight PEG’s were observed by Rogers et al.
(~). Partition coefficients significantly greater than one were observed, and selective
separation between TcO; and NO; /OH- were possible. Chaiko et al. (13) also found
that selective separations could be made with low-molecular-weight PPG’s as well.
Single-stage separation factors in excess of 3500 were obtained between TcO;and
NO; .

While the number of potentially useful applications of aqueous biphasic
extraction systems continues to grow, the fundamental mechanisms involved in phase
separation and ion partitioning remain poorly understood. To further understand the
nature of interactions between various ions and polymers in aqueous solutions, heats of
interaction between sodium perrhenate (NaReOA) and a random PEG-PPG copolymer
(UCON) were measured by microcalorimetry. While the nonradioactive perrhenate ion



was used in this study as a matter of convenience, its solution chemistry is very similar
to that of pertechnetate, which is radioactive, and can therefore provide insight
regarding the partitioning of TcO; in aqueous biphasic systems. To this end, titration
calorimetry measurements were carried out to determine the effect of temperature on
the heats of interaction between NaReOA and the UCON polymer. The UCON polymer
was chosen for detailed study based on preliminary experimental results with PEG’s of
varying molecular weights between 300 and 8000, PPG-2000, UCON-50, -75, and
pluronic PI 04 (a block copolymer of PEG-PPG). Of the group, a slightly larger
interaction energy was observed between NaReO.4 and UCON-50.

EXPERIMENTAL

Materials

A 50%’o polyethylene oxide)/50% polypropylene oxide) random copolymer
UCON-50 with a molecular weight of 4000 was obtained from Union Carbide Chemicals
and Plastics Company, Inc., South Charleston, WV. Sodium perrhenate (NaRe04
99.9Yo) was purchased from Strem Chemicals, Inc., Newburyport, MA. All chemicals
were used as received.

Sample Preparation

Aqueous polymer solutions were prepared by dissolving the polymer in NaReOA
solutions of the desired concentration in deionized water (18 MC1-cm) and diluting to the
desired copolymer concentration (i.e., 1 to 5 wt%). All experiments were performed
using freshly prepared solutions. The NaRe04 titrant solution was prepared at a
concentration of 1~.

Microcalorimetry

The heats of interaction and dilution of the salt and polymer were measured
using a thermometric titration microcalorimeter (Thermal Activity Monitor, TAM model
2277 Thermometric AB, Sweden) controlled by an IBM PC computer. This calorimeter
is a modular system, equipped with a precisely thermostated water bath, and can
accommodate up to four twin ampoule calorimeters. The temperature stability of the
25 L capacity water bath is *10-4”C. The operating range of the water bath is 5-90°C.
Baseline stability of the microcalorimeter was typically better than ~ 0.1 mW over a 12 h
period. The main limitation of this type of heat conduction calorimeter is its slow thermal
response time. Consequently, a typical experiment, with 10 sample injections
interspaced with baseline corrections, takes about 7 h. However, this drawback is more
than outweighed by the extremely high sensitivity and stability that are achievable. The
stainless steel sample cell, which has a 4 mL capacity and was filled with 3 mL of
sample solution, was equilibrated with the bath before each experiment. The titrant
solution was injected into the sample cell using a programmable Lund syringe pump



that has a 250 pL capacity and is capable of delivering injection volumes 21 pL. The
injections were automated under computer control and made using a dispense rate of
0.5 pL S-’. The heat evolved (exothermic) or absorbed (endothermic) by the sample
solution during the titration was measured through high sensitivity thermopiles. They
are located at the outer surface of the sample cell in connection with a heat sink and
convert the heat flux into a voltage signal proportional to heat flow. Data were collected
and analyzed using the Thermometric Digitam 3 software. The calibration was carried
out measuring the enthalpy of n-hexanol in water, which was found to be within 0.5% of
the literature value. Calibrations were petformed prior to initiating a temperature change
in the water bath and starting each experiment. The reference cell was filled with the
same amount (i.e., 3 g) of solvent (18 MQ-cm water).

Mathematical analysis of ion/polymer binding

in the analysis of the thermodynamic data, we assume that the interactions of the
salt (i.e., NaRe04) with the solution can be broken down into two parts, those with the
polymer itself (AHPCPVP),and the remainder with the water (AHWCWPW),where C and V
refer to concentration and volume, respectively, while the subscripts w and p refer to
water and polymer phases, respectively. In the analysis, the water is treated as though
it were all bulk water, and any effects caused by some of the water being bound to the
polymer are incorporated in the heats of interaction with the polymer. In effect, the
system is treated as consisting of two pseudophases, water and polymer. The
measured heat of interaction AH can thus be written as:

At-i(CpVp+ C.VW) = AH ~CpVp+ AH ~CWPW (1)

Dividing Eq. 1 by CW,and rearranging, we get

AHW+ @(KAHP - AH. )
AH=

l+ Q(K-1) (2)

where K=C~CW is an effective partition coefficient for the salt between the two
pseudophases, and @ is the volume fraction of the polymer pseudophase (note, the
densities of the two pseudophases are assumed to be identical, and therefore, volume
fraction and weight fraction are used interchangeably). The denominator of Eq. 2 can
be expanded in a Taylor series provided @ <<1:

[l+@(K-l)]-l =l-@(K- l)+@2 (K- 1)2-... (3)

Thus, the heat of interaction can be expressed as

AH= AHW+ @ K A(AH) - @*(K -1) KA(AH) (4a)



which is in the form of a quadratic equation:

AH=a+b@+c@2+ ... (4b)

where A(AH) is the heat of transfer of the ion from the water to the polymer
pseudophase:

A{AH)= AHP- AH. (5)

Thus, by measuring the heat of interaction of the salt as a function of the polymer
concentration, we can determine both K and A(AH):

K= I-c/b (6)

A(AH) = b2/ (b – C) (7)

Also, since

‘=exr$G)l”ex(-*H)+A(:s))
we can estimate A(AS) from

‘(AS)= In K + A(AH)

R RT

(8)

(9)

RESULTS AND DISCUSSION

The heats of interaction (AH), determined by titration of 1-5 wt’% UCON solutions
with 1~ NaRe04 at a temperature of 15°C, are shown in Fig. 1 for a range of
background NaReOd concentrations. Note that each cluster of points in the graphs of
Fig. 1 is the sequence of heats of interaction measured during a single titration run
beginning at the particular perrhenate concentration of interest, and allows for the
changing background salt concentration as more titrant is added in each injection.
Similar results were obtained for the other temperatures (i.e., 25 and 35°C) at which the
experiments were conducted. It is clear that a) the interactions are endothermic over
the entire range of NaRe04 concentrations, b) they decrease as the background salt
concentration increases, and c) they increase with increasing UCON concentration.
The dominant heat effect is apparently associated with the dilution of the titrant in the
salt solution as seen in the large range of AH values as a function of NaReOA
concentration. However, there is a distinct effect associated with the interactions of the
salt with the UCON polymer revealed by the slight displacement of AH values with



changing polymer concentration. With increasing background salt concentration, the

heats of interaction are reduced simply because the dilution effect is smaller, until at a
background concentration of approximately I&j NaRe04, there is no dilution.
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The interactions of most interest are, however, those of the NaReOg with the
polymer itself. To explore these interactions more directly, the heats of interaction
shown in Fig. 1 were replotted as a function of UCON concentration to give heats of
interaction for different, fixed NaReOA concentrations. The values of AH for any given
NaReOd concentration were obtained by interpolation using a least-squares polynomial
fit to the experimental data; the fitted curves are shown in Fig. 1. In Fig. 2 the heats of
interaction are plotted as a function of UCON concentration at various NaReOd
concentrations and summarize the experimental titration measurements for the three
temperatures studied. It is evident from the increase in the heat of interaction with
increasing UCON concentration that the salt-polymer interactions are also endothermic,
and that with increasing temperature there is a decrease in the heats of dilution of the
titrant by the bulk solution.

The thermodynamic parameters of interest are primarily the enthalpy of transfer
of the salt from the bulk aqueous solution to the polymer pseudophase, A(AH), and the
effective partition coefficient, or binding constant, for this process, K. These parameters
can be estimated from a fit of the data for any given salt concentration by Eqs. 6 and 7.
The two coefficients, b and c, are shown in Fig. 3 as functions of the NaReOA
concentration. In general, coefficient b, which is the product (KA(AH)), decreases
slightly with increasing background NaRe04 concentration. This trend suggests that K
is not particularly affected by the NaRe04 concentration, and that the decrease in
coefficient b with increasing NaRe04 concentration reflects decreasing heat of
interaction as the background NaRe04 concentration approaches that of the titrant
concentration (i.e., 1 I@.

In Fig. 4, the heat of dilution (AHW) of the titrant in aqueous solutions of NaReOA
is plotted as a function of NaRe04 concentration at the three temperatures studied.
Obviously, as the concentration of the bulk solution approaches that of the titrant (i.e., 1
Ml), there is no dilution, and therefore, no heat of interaction should be measured. This
is clearly the case here, as AHW is essentially zero at the highest NaRe04
concentrations. The data also show that the heat of dilution decreases with increasing
temperature.

The transfer enthalpy, A(AH), of NaRe04 is shown in Fig. 5. It decreases with
increasing NaRe04 concentration, but there is no clear trend with temperature. Finally,
the effective partition coefficient, or binding constant, between NaRe04 and the UCON
polymer is shown in Fig. 6. It would appear that ReO-A partitioning to the polymer
pseudophase is not particularly strong. As evidenced by a pseudophase binding
constant of approximately one, pseudophases the perrhenate ion displays equal affinity
for the aqueous solution and the polymer. This parameter estimate is subject to some
error (it is obtained from the curvature of the plot shown in Fig. 3, which is very slight),
but it agrees with extraction data for NaTc04, where partition coefficients of
approximately one were obtained between PPG-725 and deionized water (13). The
PPG-725/water biphase system represents a macroscale version of the pseudophase



.

partitioning that takes place in the UCON/water system. Undoubtedly, the partition
coefficient may be more accurately measured using dialysis or other experimental
techniques to determine directly the level of binding of the salts to the polymer,
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In principle, the results obtained here can be used in Eq. 9 to estimate the
entropy of transfer (A(AS)) of the salt from the bulk solution to the polymer
pseudophase. As K appears to be quite close to unity for all the salt concentrations and
temperatures investigated here, this finding suggests an entropy compensation effect in

this system, in which changes in enthalpic interactions are balanced by changes in the

entropies such that the overall free energy does not change significantly. Interestingly,
the perrhenate ion leads to a decrease in water structure (i.e., negative hydration), as
evidenced by the positive entropic change in the structure of water that takes place
during its hydration (i4). The thermodynamic data presented here show that a positive
entropic interaction also occurs between ReO~ and the UCON polymer. The data
suggest that entropic effects also play an important role in the selective partitioning of
TcOj in aqueous biphase systems.

Given that the interactions between ReO~ and UCON and PPG polymers are
fairly weak, one might expect that the partitioning of ReO~ (and by inference TcOj) in

an aqueous biphase system to be sensitive to the presence of other anions exhibiting

negative hydration, and indeed this is the case. The partition coefficient of TcO~ in the
PEG/NaOH biphase system is dramatically reduced by only small additions (i.e.,
0.1-0.5 wt%) of nitrate which, like TcO~ and ReO~, exhibits positive entropic hydration
effects (M).

Conclusions

Titration calorimetry has been used to determine the heats of interaction of
sodium perrhenate with a random PEO-PPO copolymer. The interactions are found to
be endothermic and to decrease with increasing temperature. The salt exhibits a similar
affinity toward the polymer as does water, with the consequence that the effective
pseudophase partition coefficient for the distribution of the salt between bulk salt
solution and the polymer is close to unity under all experimental conditions investigated.
The transfer enthalpy decreases with increasing salt concentration; this is apparently
compensated for by changes in the transfer entropy.

The selective partitioning of TcO~ with PEG and PPG biphase systems is
apparently driven by the same entropic effects responsible for biphase formation;
hence, strong interactions, as evidenced by a large binding constant, do not exist. In
effect, the TcO~ anion is salted out from the electrolyte solution, as is the polymer,
during aqueous biphase formation. The selective extraction of TcO~ versus NO; by
PEG is not completely resolved but is probably related to the anomalous behavior of
NaN03 on cloud point lowering of PEG’s, as shown in Fig. 7. This system does not
show the linear relationship between cloud point lowering and salt concentration as
observed with other biphase-forming salts (~, 15). At low salt concentrations (e.g., <2.5
mol/kg) and at temperatures below 124°C the system is monophasic. The biphase-
forming ability of NaN03 at very high concentration happens to coincide with the



observed extraction selectivity for TcO~ over NO; in Hanford tank waste simulants
(Kl).

Fig. 7.
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