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Abstract
Millimeter-wave (mmWave) accelerating cavity shuctures
have been manufactured using the deep x-ray lithography
(DXRL) technique. These cavity structures have potential
applications as parts of linear accelerators, microwave
undulatory, and mm-wave amplifiers. The micmfkbrica-
tion process includes manufa@uing of precision x-ray
masks, exposure of positive resist by x-rays through the
maa~ resist development, and electroforming of the final
microstructure. Prototypes of a 32-cell, 108-GHz con-
stant-impedance cavity and a 66-cell, 94-GHz constant-
gradient cavity were fabricated at Al%. Using an
HP851OC 26-GHz vector ncmvork analyzer, rf measure-
ments are being prepand with a frequency up- and down-
converter before and after a test cavity structure. Prelimi-
nary design parameters for a 91-(3Hz multi-module
klystronalong with an overview of the DXRL technol-
ogy are also discussed.

1 INTRODUCTION

A potential advantage of mmWave accelerators for particle
physics is a higher accelerating gradient It is known from
experience with S- or X-band accelerating structures that
gradients are limited by dark current captme, which is the
acceleration of field-emitted electrons to relativistic ener-
gies, and by rf breakdown. The maximum gradient from
these phenomena scales approximately inversely with
wavelength; scaling accelerating structures to signifi-
cantly higher frequencies could provide a higher field gra-
dient as proposed by P.B. Wilson [1].

The new micromachining technology, known as
LIGA, consists of deep-etched x-ray lithography (DXRL),
electroplating, and micromolding. The microfabrication
pmccsses have been &ve@ed by W. Ehrfeld and co-
workers to the degree that submillimeter actuators, mo-
tors, and gears can be built with great accuracy and a high
aspect ratio. Electric field levels as high as 50 MV/m ard
magnetic field levels of 1 T have been achieved with these
components [2]. Specificallyy, this technology could offer
significant advantages over conventional manufactming
methods in such areas as precision fabrication and mass
production.

*This work was supportedby the U.S. Departmentof Energy,
Office of Basic Energy Sciences, under Contract No W-31-
109-ENG-38.
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The concept of applying these techniques to develop
rf cavities for mm-wave linacs [3], undulatory [4], h
ekWron lasers [5], and mm-wave amplifiers originated at
Argonne National Laboratory. A meter-long structure
with similar accuracy that also provides channels for vac-
uum pumping, adequate cooling, and focusing elements is
feasible. Major challenges of the DXRL techniques anx
fabrication of the wafers into thee-dhensional rf struc-
tures, alignment and overlay accumcy of the structures,
adhesion of the poly-methylmethacrylatc @MMA) on the
copper substrate, and selection of a &veloper to obtain
high resolution.

2 FABRICATION

Thesimplified version of the DXRL process is shown in
Fig. 1. It consists of making an x-ray maakj preparing a
sample and x-ray exposure, developing, and electroplating
the structure. The process is dated to the fabrication of
semiconductor integrated circuits and requires similar tool-
ing, in addition to a high-energy light source ad
electroplating equipment. In DXRL, no dissolution of
unexposed positive thick resist is allowed during devel-
opmen~ and good adhesion of the high-aspect ratio resist
structure to the copper substrate is essential. In addition,
the microstructure must have high mechanical stability
and low internal stresses to prevent stress corrosion dur-
ing exposure and development. Also, the resist material
must be compatible with the electroplating process.

JillNJ

lure 1: Simplified DXRL process.

DXRL with high-energy synchrotrons radiation allows
resists up to 1 mm thick to be fabricated with submicron
accuracy. A high-accuracy DXIU mask was made by
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Although the crystal field has a strong influence on the heavy fermion properties of

CeA13, the parameters of the crystal field Harniltonian have not been established. We

present the resuks of an analysis of inelastic neutron sca~ering data on CeA13 to resolve

this issue. By combining the neutron scattering results with measurements of the single

crystal magnetic susceptibility, we have obtained an unambi=mous set of crystal field

parameters in CeA13: B: = (5.8 ~ ().2)x 1(Y2 meV and @ = (2.3 ~ 0.1) x 10-2 mev. me

corresponding leveI scheme of the ground multipIet of the Ce3+ion is characteri~d by a

rg l&/2) ground state doublet and two close-lying excited doublets rs &5/2) and rT

]&l/2) at ~ energy of- 6.4 meV at 20 K. A comparison of the cryskd field parameters

along the RM3 (R = Ce, Pr and Nd) series of isostructuraI compounds shows that in

CeA13, ~~(rz) is an order of magnitude larger, and A~(r+) is three times larger, than in

PrA13and NdA13. These increases cannot be explained by changes in lattice parameters

but are more likely to resuk from the enhancement of the hybridization of the cerium 4~

electrons with the conduction electrons in CeA13. This conclusion is

with the results of our study of the RCuzSiz series.

PACS :- 75.20.Hr, 71.70.Ch, 71.28.+d
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a) On leave from the Laboratory of Neutron Physics, J.I.N.R., Dubna, Russia

..- -

I

I



.

1. INTRODUCTION

The interrnetallic compound CeA15 has been intensively studied since it was the

first compound to be classified as a heavy fermion (HF) system [1]. Nevertheless, there :,

are some important problems that are not well understood at present. One of these

concerns the magnetic. dynamics of CeAIj, which has been the subject of a number of

inelastic neutron scattering (INS) studies [2–8]. The interpretation of the measured INS

data is controversial, although the experimental data all.share the same feature, a single

well-defined inelastic mqgnetic peak due to transition between levels split by the crystal

field (CF) ground multipIet of the Ce3+ ion. However, in Refs. ‘3, 4, 6, and 8, the :“ :

measured INS spectra were decomposed into two inelastic Lorentzians. This was

motivated by the assumption that the ground Ievel is rg &/2), which would give rise to

two inelastic CF ~itions from the ground state in the hexagonal CF. The energies of

the two CF transitions differ substantially in the separate studies: 6meV and 8meV,

respectively, in Ref. 6, and 7meV and 15meV, respectively, in Ref. 8. It should be n@ed

that two peaks have never been clearly resolved in these measurements, but have been

infered from computer decompositions of the INS spectra into two spectral components.

In Ref. 7, the INS data, measured with better resolution and over a substantially wider

energy .@ansferrange than in the other investigations, does not show evidence of a second

inehstic peak. Furthermore, the magnetic scattering extends up to an ener=q transfer of-

80 meV. The CF level scheme of the ‘Fs;Z multiplet of the Ce3’ ion in CeA13 has

therefore not been conclusively established, and one of the objectives of this study is to

determine it more reliably.

— ~.- ,- r,, -,, -,. . . ., .- . . . . . ,t-’... s,T-s .,. .- . . . . . . .“. - / %:--,
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In Ref. 9, it was shown that the CF potential in HF systems could be due almost

entirely to the mixing interaction between localized 4~ and conduction electrons. Our

studies of the isostructural compounds RCuzSiz (R = Ce, Nd, Ho and Er) [10,11 ] have

shown that in the HF compound, CeCuzSiz, hybridization between cerium~and silicon p

electrons is the main interaction responsible for the CF potential itself. A second

objective of this study is to estimate the parameters of the CF Harniltonian in CeA13 and

compare them with other members of the RA13(R = Ce, Pr and Nd) series in order to

assess the influence of hybridization on the CF potential in the HF compound.

Il. EXPERIMENT . .

The samples of IU13 (R= L% Ce) were prepared by arc melting of stoichiometric

quantities of the constituent elements, with no measurable weight loss, foIlowed by

annealing at - 11OO”C for about four weeks. Both neutron and x–ray diffraction

confirmed that the samples were single-phase. Part of the CeA13 sample was used in

measurements of the magnetic susceptibility, and showed a small anomaly at 4K which

probably indicates the presence of small quantities of CeA12. However, we estimate the

impurity content to be less than 3V0 by weight and note that the value of the susceptibility

at 1.8 K is irrgood agreement with other measurements [12].

. We have performed the INS experiments on the time-of-flight (TOF) inverse

geometry spectrometer KDOSG-M at the pulsed reactor IBR-2 (JTNR, Russia), and on

the TOF direct geometry chopper spectrometer HET, at the pulsed spallation neutron

source ISIS (ML, U.K.). The HET measurements used 50 g of CeA13 mounted in a

thin-walled aluminum can and moun~ed on the closed–cycled refrigerator for

measurements in the temperature range 20 to 100 K. In the current measurements, an

-3-
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incident energy of 35 reel’ was used giving a resolution .at the elastic position of 0.65

meV. Figure 1 shows examples of the spectra from CeA13,in the form of the scattering

law S(Q,&), measured at T = 20K and 40K and at an average scattering angle of 19° on

the HET spectrometer.

In the experiments on KDSOG-M, approximately 200 g, of CeAIJ and LaAIJ

were sealed in aluminum containers and placed in a helium cryostat for measurements at

8 K. A pyrolytic graphite monochromator and beryllium filter in front of the detector

fixes the final energy at 4.8 meV. The INS was measured in neutron energy loss up to 80

meV energy transfer. The resolution for the elastic scattering was 0.6meV and the

spectra were summed over three scattering angles: 30°, 50° and 70°.

Comparison of the data for CeA13and LaA13measured on KDSOG-M and HET,

as well as inspection of the HET data taken at low (($) = 19°) and high ((~) = 136°)

scattering angles, shows that there is one well-defined inehstic magnetic peak. Its

energy is weakly temperature dependent:s -6.4 meV (T >20 K) and &-7.4 meV (T = 8

K). In accordance with the previous KDSOG-M measurements [7], there is also

evidence of broad structureless magnetic scattering extending up to -80 meV ener=~

transfer. This feature of the magnetic response of CeA13,and its variation as a function of

temperature and La/Y dilution will be presented in a later publication [13].

The HET spectra in Fig. 1 show a weak phononic feature at energy transfer& -25

meV and, as can be seen in this figure, the temperature evolution of S(Q,S) between 20 K

and 40 K is very weak.

-4-
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Ill. DATA ANALYSIS AND DISCUSSION

The Ce3+ions in CeA13 occupy positions with hexagonal point symmetry tid the

corresponding CF Harniltonian is:

H = B:O: + B:O:-- (1)

where O: are the Steven’s operator equivalents and B; are phenomenological CF

parameters. The neutron scattering law for unpolarized neutrons is given by [14]:

S(Q,~) =
&

1- exp(-&/k#)
f’(Q).j!,“HE) (2)

where ~(Q) is the Ce+3 form factor, F(s) is a normalized Lorentzian function

characterizing the line shape of the transition, and ZO is the static “bulk susceptibility.

The solid lines in Fig. 1 are the calculated S(Q,@, assuming three spectral components of

the magnetic response as suggested in Ref. 7.

In the case of interaction of the 4f electrons with the CF the static susceptibility

2!0 is given by the sum of Curie ~; and Van Vleck ~~ contributions:

X;= 2d~j(Pn – Pm) ““’’”’A (5)
m

The observation of just one inelastic peak in the INS

unambiguous determination of the two parameters in the CF

spectra is not stilcient for

Harniltonian (Eqn. 1). For

this, we need to make use of the observation by Jaccard et al [15] of a crossing at T = 41

K of the single-crystal susceptibility measured parallel and perpendicular to the

hexagonal c-axis. The Hamiltonian (1) can be rewritten in the parameterized form [16]:

-5-
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{

H=w (1 #+tof—.—.—
2 60 }

(6)

where -1 s x < +1. so restricting the allowed range of parameter values. If either the fill

splitiing or the position of the first excited level is known, JYis fixed for each value of x. “

If we assume that the transition at 6.3 meV represents the full CF splitting, we can

calculate A% = jy4 - xl, using Eqs. 4-6, in order to find the value ofx where A% = O at T =

41 K. In Fig. 2(b) we present the calculations of Ax vs. x for ~0 and W<O. As can be

seen in this figure, there is only one value of x = 0.92 where Ax = O (in fact, we get the

same value of x if we assume that the peak at 6.3 meV represents the transition to the first
. .

excited level). Fig. 2(a) shows the energies of CF levels as a function of x with W set to
. .,.

1. It is evident that this solution of the CF Harniltonian provides a natud explanation

why only one inelastic peak is observed in the INS data even with a rg lfi/2) ground

state level. The energies of the rg lfi/2) and rT lA1/2) excited levels are within 0.3 meV

of each other and could not be resolved in the INS experiments since the intrihsic CF

Iinewidth, 2.4*2 meV HWTIM at 8K, is much larger.

Combining the INS results with the single-crystal magnetic susceptibility allows

us, therefore, to obtain an unambiguous solution for the CF parameters in CeA13: B: =

(5.8 + 0.2)x 10-2meV; B! = (2.3* 0.1)x 10-2meV. The corresponding CF level scheme

is: rg(O.OmeV) - r8(6. lmeV) - rT(6.4meV).

The measured and calculated single-crystal magnetic susceptibilities are shown in

Fig. 3. The dotted lines are the single ion calculation, and the solid lines are the mean

field calculations with a molecular field constant of 1 = -3 lmol/emu. As can be seen in

-6-



the figure, there is a good agreement for xl over the whole temperature range, but, below

3OK, the c axis susceptibili~ ~1 diverges faster than predicted by the CF calculations.

In Table 1. we list the CF parameters A~(r” = B: /@[ for the IU415(R= Ce, Pr .
. .

and Nd) series of isostructural compounds [17], where ~, are the Steven’s factors and

()rl are the f—electron radial integrals. Table 1 shows that, in CeA13, the magnitude of

the CF parameter A~(rz)is larger by a factor 10, and A~(rJ) is three times larger, than in

PrA13 and NdA13. This result cannot be explained by the differences in the lattice

parameters, which increase by only -1.2’% on moving from NdA13 to CeA13. This is
. .

more likely to be the result of an enhancement of the hybridization of the cerium 4~ “ “

electrons with the conduction electrons in HF CeA13as proposed by Levy and Zhang [9].

In our previous study of the CF potential in the RCu2Si2 series [10,11], a comparison of

the CF parameters exhibited a similar trend. In Table 2, we list the second and fourth

order CF parameters A~(r~) for the RCu2Si2 series (R= Ce, Pr and Nd). As in the lUN3

case, the second order parameter increases sharply from NdCuZSi2 and PrCu2Siz to

CeCuzSi2. Using Newman’s superposition model [18], we analyzed the CF potential in

RCuzSi2 and found that the hybridization between the ceriurn~electrons and the siliconp

electrons is mainly responsible for the CF potential itself [1O]. It is natural to infer that

hybridhation is also responsible for the increase in the CF potential in CeAls compared to

the remaining members of the IUU3 series.

In conclusion, we have determined an unambiguous solution of the crystal field

parameters in CeA13 by analysis of both inelastic neutron scattering and single<rystal

magnetic susceptibility. The parameters *e B: = (5.8 t 0.2) x 10-2meV; B:= (2.3A

-7-



0.1) x lUzmeV. There is evidence that ~-p hybridization makes the dominant

contribution to this potential as predicted by Levy and Zhang [9].
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TABLES

Table 1

Crystal field parameters for the RA15series.

CeA13 PrA13 NdA13

~(r’) (meV) I -1.01

A: (r’) (meV) 3.54 ~.23 0.81

~(r’) (meV_) 1.88 1.64

[X(r’)1 (mew 24.7 23.8

Table 2

Crystal field parameters for the RCuzSi2 series

CeCuzSiz PrCuzSiz NdCuzSiz ,

f$’(?) (meV) 22.6 3.0 4.8

A: (r”) (meV) -0.7 -2.0 -3.8

Aj(r’) (meV) 70.9 30.5 4.8
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FIGURE CAPTIONS

Figure 1

Inelastic neutron scattering data from CeA15measured on the HET spectrometer with an

incident energy of 35 meV. The lines are the results of a fit to a three-component model

as described in Ref. 7. “

Figure 2

(a) Energies of crystal field levels as a fimction ofx (Eqn~.6) with ~f~ed to 1.

(b) Anisotropy of the magnetic susceptibility, AZ = X. - Xl, vx at T = 41 K.

Figure 3

Temperature dependence of the single+rystal magnetic susceptibili~ of CeA13. The

points are the experimental data of Jaccard et al [15] along the c-axis (open circles) and

within the plane (filIed circles). The solid (dotted) lines are the calculations based on the

CF model described in the text with (without) molecular field.

-11-

. .
. .



.

12(

8(

40

0

G’
~ 120
z

80

40

0

‘T=40K

I
I
I
\
\
\

v

o

-15 -10 -5 0

Energy

5 10 15 20 25 30

transfer [meV]

.

. .
. .



.

-4

-6

0.02

0.01

0.00

-0.01

-0.02

...............................

-:

........................................... . ....................... ....................

............. ............................... ....................................

............................................ ........................................... .
:.

.....”- .....”..”./.”....”..”...M.”-.”.---....w.M.....:-......-..-.....-.-.-J4i
-1.0 -0.5 0.0

x

,

0.5 1.0

. .

.-.J --- ., --.,., ,,, ,,,,., .,, ,.— _,. —..w ---- .. . . .——. ----...... .....



,“

0.0:

0.04

0.03

0.02

0.01

0.00

0

o“

o ..O

...

I I I

o 20 40 60 80
Tempera~e ~]

7*.Y7 , , Z’),F .,+ -r.?v 7- --p~y- .,. ,,m, ,,,, ,, ,.,, . . . . .
.-.. —. --——. . -—.. — .

4.


