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~ ~ ~ ~ i - n e u t i - a l  plasmas confined i n  Pei ini i i~-~~!almherg traps are used in a .i.ariety of 
erperiinenrs including plasma physics. Couloiiib crystal studies. p'ecision spectroscopy, 
aiitiinattei- research, and storage of highly charged ions [ 11. Recently there has been 
a great deal of interest in using a rotating clectric fieid perturbation to contrc~l the 
-]obal E x B rotation of these plrsmas [ 2 .  3 .  41. For crystnllized ion plasmas, phased- 
locked control of the plasma rotation has bzzii demonstrated [4], nh ich  has important 
implications for atomic clocks [5] and for quantum computation n.ith trapped ions [ti]. 

In this manuscript we study the liniirs to phase-locked control due to the application 
of  a sinal1 torque produced by the radiation 121-essure of a we:ik laser benm. We o b s e n e  
sudden angular jumps or 'slips' of the ci?.sta1 orientxion spaced by i n t e n d s  when 
the ciystal oi-ientation is phase-locked or 'stuck'  reiative to the rotatins pertui-bation. 
Stick-slip behavior siinilai- to that obsei-1-ed here is foiind in many different and diverse 
systems: for example. in  srudies of friction betu e m  t1r.o surfaces [7. E], in esperiments 
on a\.alanclies and slips ic granular s)rstems [9. 10. 1 1 3 .  and lis the underlying process 
in spring-block models of enrt1iqu:ikes [ i 2. 133. h4an\r of these systems, including the 
study presented liere. exhibit a poa;ei--lan~ distribution of the slip amplitudes. indicative 
of ail underlying critical point [ 11, 151. 

Iniberg trap 31 NlST to store - 20.000 qBeT ions. The 
ions interact by unscreened Coulomb i-epulsioii and are Doppler laser-cooled [ 161 to 
nlillikel\.iii teiiiperatures. a-here they become strongly coupied. The degree of coupiing 
is qLi:intifed by the Coulomb coupiins parninetzr. 

Our  ark uses the Penning- 
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\vhich is the ratio of the Couiomb potential energy of neighboring ions to the kinetic 
energy per ion. Here; E[) is the pennitii\:ity of the ~ a c ~ i m i i .  E is the charge of an ion. k~ is 
Boltzrnann's constant, T is the rcmperature, and a,,., is the Wigner-Ssirz radius, defined 
by ~ K ( O , , . ~  )-'j; = 1 j ' / i O :  \&.iiei-e /7(1 is LIE jon number densit)-. %.it11 coupiing yaraiiieters 
zreater than I 73 they hiin a 
Coulomb crystal ( a  classical LX?giier cq~s r s l )  [ 18; 191. Structurally similar Coulomb 
ci?srals are believed to exisr iii dense astropiq7sical matter: such as the interior of u.hite 
dararfs and the outer crust of neutron STXS [lo]. Iii~erestii$y~ obsenations of power-law 
st3tistics of S O ~ T  y r a j .  (SGR) events IiaI-e recently been interpreted as mridencz that the 
Coulomb crystal comprising the outer crust of a magnetized neutron star can undergo 
1.ei-y large-scale siips ('sinrqu:lhes'j [ 2  1. 311. The " x - e d  power laxi exponents of til: 
neurron starquakes lie u,ithin ihe range oferpoimm n'e measure here (see Fig. 3 j .  

Figure l(a'i jhon;s: the experinren:ai sztup [4. 191. 14:e create 'Be- ions b ~ :  ionizing 
GBe atoms in  a separate [rap ( n o t  s h a m )  and then transfen-ing the ions to rhe main ~ : i p  
for esp=rimentation [';I.  lie ' ~ e '  i m s  n.ei.e confined i-adialI\' by a riiiifoiiii iiiag:-,eric 
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in oiir T\ crk the plasmn lias had sufficient time 10 e\~olve tc'i a the;-mal equilibriuin state 
n.11el-e irs roratioii and densir?. is unifonn across tlie cloud ['i] For 20.000 trapped ions 
11-itli W: ' 3 ~ ;  = 22.3 kHz (typic31 oftliis \x,oiA). the ion plasma 11-s a densit!, of 7.1 x 10- 
~ 1 1 1  and il lenticular shape n-ith a radial dianierer 7)-0 = I iiim and a11 aspect ratio 
ci. = ;o '1.0 = 0.05.  Here. 2-0 denotes the axial extent of the p i x m a  at r = 0. In addition 
10 ''&eL ions. ions of greater mass ( ' l i e w ~ ~  ions') such as BsH- and BeOH' are created 
b!. 1-eactions with "Be- ions :md background neutral molecules. For the n:ork discusssd 
liere. t!-pically 70 ','o to 50 9'0 of the plasma consisred of hsa\-y impurity ions. These 
ions 31-e s~~mpathet ical ly  cooled to temperatures similar to ths "Be- ions and. due to the 
rOt3tlon. centrifugally separate to l a r p  radii. \<.liei-e they crystallize [25;  161. 

To control (or, n e  applied an electric field perturbation rotating about the 2 asis at 
ii-equency Q I ~  ,) [A]. The rotating perturbation applies a torque on the radial boundary of 
tlis plasma (on  the non-fluorescing, heavy ions) by creating a sm:iil-amplitude traveling 
umre. The torque due to this wave is then transferred to tlie plasma interior through 
thz sti-ong inter-particle Coulomb forces. n.likh act to bring the plasma to the saliie 
rotation fre?uency as W j  L, [?A]. We obseii-e similar slick-slip motion u i th  both dipole 
and quadrupole rotating fields. tion,evsr. most nie:isuren~ents, including those Lve report 
here, were taken a-ith a dipole rotating field. 

The radial binding force of the trap is due to the Lorentz force produced by the 
piasma's romion through the magiietic field. Therefore changing W! changes the radial 
binding force of the t r jp  and provides a sensiti1.e \yay to adjust the overall shape and 
structural phase of the plasma. In this work. the frequency of the rotating pei-turbatioii 
(o,.,,) n'x kept neai- 2x :: 22.8 kHz rind slightly adjusted ti) produce a disk-shaped plasma 
cocsisting o f  5 axial p1anes nritli a bcc-like i n s t a l  structure in the plasma center [19]. 
Because o~,- ,< fir. the ion motion in a direction perpendicular to the magnetic field is 
dsteimined principally by E i; B guiding center d!,naniics [ 2 7 ] .  

The main cooling-laser bean1 (A = 3 13 iim) n x  directed along the z axis and tuned 10 
to 20 MHz lower in frequency than a hyperfine-Zeeman component of the 2s 'SI - ?p  
'P; ' 2  resonance M'ith a natural linewidth of 19 MIHz. This bsani's power \\'as -50 pIAr 
and rile beam \\'as focused to a -0.5 nini waist at tlie ion c~?~stnl. A second cooling 
be:im (i beam in Fig. l ( a ) ) .  derived from the same laser. \vas directed perpendicularly 
to and k i d  a -70 pin n.aisr and - 1 p I V  pon:er. Both the perpendicular and parallel 
cooling lasers \vere requii-ed to r'cmii a well defined cqs ta l  in the disk-shaped plasnias 
discussed here. Although n;c did iiot 111e:1sure the ion lemprrature. the tlieorsticnl cooling 
liniit is 0.5 mIC. and an experimental upper bound of T 10 mK has been measured 
in preyious erperiments [3]: for a densir!. of 1 1 0  = 7.1 :.: 10 '  ci11-j. tliese limits give a 
r a n y  of  112 .< r < 2230. An indii-ect estimate of'thr ions' coupling parameter, based 011 
obseiTarioix of when the bee( 110) ~ t r u c t u r i  phase \<x euclusi\.~i>, fxvored. is r - 500 
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b s a ~ i i  is no ina i iy  uii-scizd d i r o u ~ h  the iadia! center [(r = 0; of the cn.sta1 i n  

oi-del- to minimize its appiied x.~~qus \vi:iie pi-ovidii1.z a IO\\- Dopplsi~-~<~oling myx-anil-: 
[! 51. !n this L-l i lCLixsnt .  we o;rsei :he --neam posirion sli,uht!r ( 5  10 30 px) from th: 
piasma centzr io produce a tarque on rile "St.-- ions in the same direzrion as tlie p1xma 
rotarion. The resultant t o q u e  6-om Ihe - beam \\.as iargfr than an!. other ambient rorque 
due to, for example. i-eson;inc,es bet\\-ezii modes and asymmetries in the trap consrr-uction 
[1?3 or background gas drsg [ 3 0 ] .  

.L\ series of lenses foomied slde- and top-irieu?. images of the ion fluorescence, \<.it11 
\.ien.ing direcrions peiyeiidiculnr ~ i i d  parallel to the magnetic field respectixxlq. on either 
a ga~eable charge-coupled de\,icc (CCD) camera. or oil an imaging pliotomultipli~r 
tube. The resolution of the optical sj-stems was -4 pin; while r!@cal i n t e i p a ~ ~ i c l e  
spacings were -- 15 gin. By detecting the ion fluorescence synchronously n, i t l i  the 
rotating perturbarion drive, images of the individual ions that make up the Coulonib 
crystals u'ere obtained. Figure I (b) s h o ~ v s  a strobed, top-xriw CCD camera image of a 
5-axial plane ciystal in the bcc stnicrural phase, accumulated over 40 s. The ion positions 
are well localized in the plasma center; honwei-, at larger radii they are blurred. 

To investigate the  bluii-ing we used an  imaging photoniultiplier hibe in the top-\,iev- 
position to record the positions 2nd detection rimes of thil fluorescence photons. Data 
sets consisted of I75 ins inwrxds of data recorded each second over long periods of 
time (up to 5000 s i .  !niages siniilar to those in Fig. l (b)  u'ere created for each 125 
ms iiiter\.al by coiistructing 7D histograilis of rhe ion fluorescence in tlie fi-aine of the 
rotating perturbation. The orientation e,,., of the central crystallized region in the rotxing 
frame vt?.as deteiniined (modulo x due io  the bcc ciystai bilateral s>.minetry) u?th an 
uiiceitaint]. of  cL, 0.0031 radians [31]. 

plot ecrY( t)  for [MYI data s e ~ s  that diffcr mainly in the miount  of  I -beam 
torque. Over long time scales the 1-beam torque produces a slightly faster rotation (a  
rotational 'creep') of the "Be- ciystal i-e!ative ro the rotacing p-turbation. For example, 
i:i data set 2 I i l o ,  z a,- - m,-/, "2 ?jz >: X mKz. O \ w  shorter rime scales. as shall-n in rhe 
ii1sZt of Fig,.. 2. much of this ci-yst,il i-omion takes plnce with suddeii~jumps ir: tic,,,. 'slips', 
\?,hose time scale is too fast t o  b e  capui-ed b!. the top-\riew diagiiosric. lntemiirrent 
behavior is a conimon feature in the plastic deforination (creep) of many materials (see 
[32] for references). Let SIcJ-,. deiioie the angular displacement betn.een tn:o successive 
measurements of The staristics of ABci ,' consists of a noniial distribution (from 
ineasurenieiit error) ccnrzred about ~ r r o  u.ith a \?%it11 of - 0.00?~, and infi-equenr la;-ger 
slips. Due ro the hioum sign of the i - b e a m  t o q u e  and the TI  anibiguit). inenrioned abox-e, 
w c  choose .5@?,., to  lie in rhe range [O,x). To separaie jtatisticalllr significant slips from 
measurement error we riinher 1-squii-e 0.007~ 5 38(,- ,  5 0.97~1. We find that statistically 
significant slips account for greaier than 90 

The i - b e a m  torque is appiied 10 all the 'Be- ions in th: radial iiirerior of the ciystal, 
The !-o:atiiig pe:-rurbation. hom\.er .  applies its rorque on the outer radial S o u n d q  of the 
h e a ~ \ .  ions. '&'e tiierefo;-e belie\:e rhe S U - ~ S S  due to the comperirion ber~:ee11 these to!-q~l:s 
is greatest in rhe region oftlie Iiea1.1. ions mcl  anticipate that rhe slips of Fig. 3 are due 
ro ion motion berween the radial !x)~inda;! o f  tiie " ~ e -  ioi:s. 1 .6~ .  3116 the o\;eraII radial 
b o ~ ~ ~ ~ d s i > '  of the p las i11~ r ~ .  This is siippoi?ed b\ the tap-virn. iina!es and 111- sim~~lat ioi i  
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of  the measured change in OcrJ,. 
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FIGLYRE 2. C ' n s t a l  orienutiori e,,., in the franis of tlic rotating pci7urh:ition fot- h \ o  aara sets wi:h 
(iiff:rair L - b z m i  rorqurs. The torque i s  grcarer in data set 2 .  The / i n s  are froin a linear regression fit, 
TI,? t n x r  sI!o\vs a iiiagnificti plot of the firsr 60 s of dnra 

n:oi-li discussed belon.. xhicli show most slips occun-ing as approsimnte rizid rotations 
o f t h e  "Be- ions. Because the simulation slips occur at a radius sligiitl!, greater than i-i;e, 

2nd rEi. varied fi-om data set to data set, we characterize a slip amplitude .4s!,p by the 
lineal- distance r&. 

Figui-e 3 shon;s the distribution j(.&/,,)) of slips for the t \ i c  data sets siionw in Fig. 
3. Becausi: \ye can not distinguish be:n:een slips wit11 amplitude .As/,!> 01- .4,v/I,, + mr,+. 
n.hei-e iz is a n  integer. ih-e firted to the tiomion ,,(/!,) ~ ~ ~ ~ ~ ~ ( . 4 y ! , 4 ,  i - i i ~ l r ~ , ) - . ' t o  detemiine 
the ageemelit of the data a5th a power law distribution. Here H ~ ~ , ,  is a cutoff that could 
depend on tlie s>-stein size, creep rate. or other factors. \+:e obtain a 2ood fit for any ncL, ,  
but find that y,' goes through a weal; minimum at ~ i ( . ~ , , = h .  m d  therefore use that l*alue 
iii tlie follou~ing analysis. This results in  measui-st1 -fs slightly l q e r  (<  10 54 and within 
the uncertainty of the f i t )  tliaii those resulting froiu uc l , ,= l .  In the insert of Fig. 3 we plot 
[lis measured power-la\~. exponent y as a function of the creep rate Am r ~ ?  for 10 data 
sets ~ r h  tlie same rotatins perturbation strength hut different I -beam torques. We find 
thnt y dzci-eases as the ci-eep rate. a n1asiiI-e o f  the applied --beam torque. inci-eases. 
Decreases iii the sricksiip exponent n ith incrtased d1-iX.e h:iTe been obseived in some 
experimental systems [S. j3;  341, but not i n  a11 [32] .  

Inspection of Fig. 2 slio\vs that the u.aiTin9 periods ( the time inteivals between suc- 
c e s s ~ \ ~  slips) are tj'pically m a i y  seconds. -An analysis of the \iraiting periods shows a 
peakcd distribution U:ITI? 11iedIan \!.airing periods ran,oing from 1 s for the highest L- 
b e m i  torques to 12 s for the lowest i - b e a m  torques. In Fig. 4 we plot the frequency of 
siips ~e:'sus L\.aitins time for 3 data set Lvitli " d a t e  toi-que. The frequency ivas nor- 
nnlized as Sefor-e by diT-iding the iiuinber of slips 11 b\. the bin\q.icitli and the duration 
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oftlie data set (4882 s). 
Earthquakes are another phenoinena that exhibit power-law frequency LTersus ampi i -  

tude helia\.ior and peakEd \\.siting Lime d!strihutioiis. Aithough thei-e has heen no conseii- 
sus on a.hich is the 'coi;ect' disti-ibulion, i t  has heen suggested that the u.ajting-time dis- 
triburioiis of eaithqiia1;es can be desci-ibed by  lognoinial [ 3 S ] .  M'eibul! [36] 01- Gaussian 
[37]  statistics. In Fig. 4 \%re also plot 3-parameter fits of the data to these distributions. 
The M k i b u l l  disti-ihutioi?. ofren Lisd to model the time until failiii-e of hi-itrle inatel-ids, 
1s 

, l l , i ~ ~ -  I /oj ' ' '  

i,!!' p;l! = . l ( 1  , O ' r i - .  1123'0.  (2) 

and has a median u.3iting time r d i ~ e  of  I,,,,;; = fg. A \r\'eibull model for failure 
can be dsi-imd theoreticaliy as 3 foi-ni of an extreme-value distrihurion. go\;erning the 
time to Fdilure of [he ' \ T  cakest l i n k -  of man). competing processes [3S]. \Vlien the 
shape parameter i i ~  = 1. the \i'eibLill disrribution reduces to the exponential disri-iburion 
pi  f 1 = . 4 0 F ' '  !'Ii. The erponenrial distribution is pi-oduced by a system n-irh a constant 
failure rate and ~ h u i  no  dependence on the state of [he system (i.e.. it is 'menmryless'). 
Disti-iburions .ii7here i n  = 1 resuli i5.1131 the outcom2 of a trial dep'nds in part on hon; 
long the trial has b t a  co1lducred. 

-AS ~ r f e n  in Fis. 4. rlir fit to a \\;eibull distribution 1-esulrs in a significantl:. s imlizr  
x2 (chi S ~ L I ~ I ~  per degree oi'fi-eedoni). :ind this is tnic for the other data sets 2s ilt.eil. 
If ii.? s m  up the x' of fits il)r all of the 10 data sets. t!w Gaussian and iognollid 
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FlGUKE 1. Distribution of ma~iiiig t i n x s  herwezn slips for 3 data sct w4th a modcrate iorque 

firs lime statistically the same value ( I  S.5 and 2 1. I ) .  but the \Veibull fit produces 
T - x' = l 0 . S .  The ai'erage and standard deviation of the shape parameter 177 is 1.96i0.35. 
pei-haps indicating that the ion crystal has a 'memory.' For large 171, p[t) approaches a 
delt:! function. \Vai-d and Goes [36] have used \I = 1 / m  to parameterize the degree of 
aperiodicit?,. and found i n  their ea]-thquake simulation data that as they increased the 
ma_riiitudes of the quakes considered, both t,,,,,/ and 117 increases. Lf:e also find these 
trends in our ion-crystal data. 

Pre\,ious worl;el-s in thc analysis of SGR 'starquake' statistics have looked for correla- 
rions b t t n  eeii n.aiting times and the amplitude of the ;'-i-ay burst. In order to investigate 
this \\;itli our data. \\'e soited a total of 91 S slips fro111 1 &ita sets \\-it11 similar torque by 
increasing slip amplitude, and then into groups of - I  SO slips. We next fittcd the time 
inten.nls of each of  these groups to a \VeihulI distribution. Tl;e did this both for the time 
interval until the nest slip of any ainplitude ( A I - )  and for the interval fi-om the prelrious 
slip ( I r -  ) .  The results are plotted in  Fig. 5. 2nd show eiridence foi- increasin? T,,,,~/ foi- 
Ir-, and niuch less or no correlation for Ar-. This is at T.ariance with results froin SGRs, 
\\,here tither no cor-relation has been seen [2  1. 39, 401. or an anticorrelation seen for It' 

blnst experiments exhibiting stick-slip beli:n.ior are performed with 'constmt- 
\.elocit)i di-iviii5. where the force is applied tlirou_rh an effictke elastic coupling 
[S. 9. 101. The dri\.ing ibrce of  the system is something like F ( r )  = h'(J ' t  - . y ( , t ) )  where 
'I' is the 'position' of'an element in the system (for e x m p l e .  the position of a bead or 
slider block in 3 chain). I( is the effective spring coilstant that couples the applied force 
tn each element in the system. and 1. is the constant ax-eraze velocity that is imposed 
011 the s>srem. Stick-dip motion occurs for small 1; :ind K. and a critical point exists in 
the limit T'--O and R-0 [15. 331. If die system gets stuck; It \[.ill e~entua l ly  slip again 
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FIGURE 5 .  
deviation ineasiii-ed for randiini slip :iriiplirudes. 

hleasursd T ~ , , ~ ~ ~  1 ersus s11p ampiirude The lines indicare the i x a n  ~x lus  and sinndard 

because the driving force increases linearly until slip occurs. 
FIowever, ow- expel-imenr is pel-foiiiied under conditions more similar to 'constant- 

force dri1,ing' since the :-beam i-adiation-pressure force is constant in time and applied 
directl\. to the ')BeL ions. I n  constant-forco, drilriiig the system undergoes a depinning 
transition at a critical force 6 and nio'\:es \\.it11 comtant a\'erage velocity proponional to 
(F - Fc ) p  for F > F, and critical esponeiit p [ 3 3 ] .  If a constant-Irc~rce system gets stuck 
for a long period of time, then this indicates F < 6. and the system should permaiiently 
stick. 

in fact the obsei-\red \4,aitinS rimes (Fig. C) are long compared r o  an!' hiown dynaniical 
time scales due to internal modes of the system. \?'hy doesn't the system peniianently 
stick? One possibility is that the slips could be excited by  an external perturbation. 
By deliberatel), modulating the aniplirude of the cooling and torquing lasers MT 1iax.e 
established that h e  amplitude noise present in iliese beams is not high enough 10 trigger 
slips. Another soul-ce of pernui-barions is the neutral atonis of the 2 Pa T'acutiiii 
background. \?'e 1ial.e measured that the I-elative abundance of  "Be- ions to he3\?). 
inipurit), ions decreases with an e-folding time of -.- 10 hours, due to collisions -i\.ith 
backgi-ound neutrals. Vv?iIi a cloud of 20jOO0 ioiis. this gives a median time between 
collisions of - 1.25 s. However. the relationship between these collisions and slips. if 
any, is unclear. For exampie, if all slips \v2re caused s impl~ .  by collisions. the \sailin? 
time disrributioii for slips wouid be esponeniial. in colity?.jt to nha i  is obse1-i-ed. 

\%'e have performed iiioi~cul;ir-d\,naniics simularions Li.ith I000 ions (10 9.b 'Be-. 
60 0% 1mn.y ions) \vith the goal of txrrer Lindersrandiiig the d>.na:iiics and c):-i$i of 
thz slips.  hut ioui-  months of' compiiiaticiii time 113s h e m  1-eqtilred to simulate the 
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E=iui\.aient L?E - 1.7 s of s\rp:imental t i m c .  Tiit sin:ulnrior,s ! i x e  priidui?d thrz;? e\.snls 
\1?.jiicii ;XI be intcy-:t:d 2s slips. 111 tiles? e'::;>Ts. 3 r e 3 r i a n ~ ~ m e l 1 t  oi'a sn;al! num'ne:. of 

ions in  the Y l C i I i i T \ -  o f a  lnrtice defect proJuccs a suiidcn change in til- oriei3ra:ion 
2f rhc ci? sra1. O n x  star7i.d. die slip s~-snrual!~- stops h e x u s e  the di-jj.ii?g foi-ce of the 
--beam i s  nor sufficient to sust~iin coiirinuous motiw.. Bzcause it appears that the 
~-sarraiigco:ne:it of a fe\y ions can rrig~2:- 3 slip. tliermal fluzruarioiis of the ioris may 
be responsible for n a r k s  the slips in both experiment and simulation. Hon,e\-er. the 
simulations also shon- the presence of a torsion mode of large amplitude and low 
frequmcy ( -  IO Hz) that produces a t i m d e p e n d e n t  srress ivhich ma). also pia). a roie in 
triggering slips. This mode was not obsen-ed in the experimental data. possibl). because 
of damping from laser cooling. 

In suniniai7., \ve have observed ci-ecp and stick-slip motion in the rotational control 
of laser-cooled ion crystals in a Penning trap. IVe believe this system is constant-force 
driven and may be a n  experimental esariiple of a subcritical stare [ 151 \\liere the slips 
are trigzered by thermal fluchiations or by other as yet unidentified perturbations such as 
collisions n 3 h  neutral background atoms. The trapped-ion instal  system discussed here 
possesses most of the features of a self-orpnized critical state [ 14, 151. Therefore further 
investigations of the stick-slip behavior o\'er a Lvider range of control parameters (-- 
beam torque: temperature, rotating perturbation sti-engtli, background pressure) could be 
usefiil for understanding the applicability of the this concept to x-ed physical systenis. 
Finally. minimizing the occui-rsnce of the slips is importai1t for some applications [S, 61. 
This can be done b y  niiiiiinizing the I - b e a m  torque, either tlirough active coiitro! of 
the I-bz:im posirion or by appropriate taj1c)ring of 1112 L-beam profile [A?] Increasing 
the strength of the rorating electric field perturbation should also decrease the frequency 
of slips due to small ion rearrangements. TITSO data sets r a k n  with half the rotating 
pemirbation strengrh of  the data sets anai>,zed here shoned an increase in the number of 
slips arid rotational creep of the ion crystal. 
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