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PROCESSES OF DECAY OF RYDBERG PLASMAE. A. Andreev a, P. V. Kashtanov *b, B. M. Smirnov baSemenov Institute of Chemial Physis, Russian Aademy of Sienes117977, Mosow, RussiabInstitute for High Temperatures, Russian Aademy of Sienes127412, Mosow, RussiaReeived 24 May 2006The lifetime of a moleule onsisting of two Rydberg atoms with respet to eletron release is determined fromomputer simulation of two lassial eletrons in the �eld of Coulomb enters. From this, the ross setion ofthe Penning proess of ollision of two Rydberg atoms with an eletron release is obtained. The rate onstantfor ionization of Rydberg atoms is evaluated for the Rydberg plasma within the Thomson model. On the basisof these proesses, the kinetis is analyzed for the deay of a Rydberg plasma. Comparison with experimentaldata shows that these deay proesses are responsible for the �rst stage of the deay of a magnetized andnonmagnetized Rydberg plasma loated in a magneti superonduting trap, whereas other proesses beomeimportant at a subsequent stage of the plasma evolution.PACS: 31.15.Gy, 34.60.+z, 52.20.-j, 52.65.Yy1. INTRODUCTIONWe onsider a Rydberg plasma [1�3℄ that is initiallyan ensemble of highly exited atoms in almost identi-al states. In real experiments [4℄, these atoms areaptured by a speial trap and are loated there untilthey deay. The deay of the Rydberg plasma proeedsaording to the sheme2A� ! A+A+ + e; e+A� ! 2e+A+;e+A� ! e+A�: (1)The goal of this paper is to determine the rate of the�rst proess, the Penning proess. We use omputersimulation for two lassial eletrons loated in the �eldof two motionless Coulomb enters.Knowing the lifetime of this system or the width ofits autoionization state allows analyzing the kinetis ofthe deay of a Rydberg plasma. In these evaluations,we are guided by parameters of the experiment in [4℄,where exited 85Rb atoms in the state with the prini-pal quantum number n = 130 are olleted into a super-onduting magneti trap of the volume V = 0:1 m3.The number density of exited atoms is N� = 106 m�3and the atom temperature is 4 K. These parameters are*E-mail: kashtan�maryno.net

typial for suh experiments. A strong magneti �eldof the trap, B = 2:9T , strongly a�ets the kinetisof eletrons, beause the Larmor eletron radius underthese onditions is small, rH = 0:08�m, and eletronsare magnetized. This determines the speial propertiesof the Rydberg plasma kinetis in a magneti trap.2. PENNING PROCESS INVOLVING TWOHIGHLY EXCITED ATOMSWe determine the parameters of the �rst proessin (1) on the basis of omputer simulation. We on-sider two eletrons in the �eld of two Coulomb enterswith a separation R between them (see Fig. 1). As theinitial onditions, we take the distane r1 of the �rst
e2e1

+ +
R

r1 r2

Fig. 1. Positions of eletrons and ores for the intera-tion of two Rydberg atoms661



E. A. Andreev, P. V. Kashtanov, B. M. Smirnov ÆÝÒÔ, òîì 130, âûï. 4 (10), 2006eletron from the �rst Coulomb enter to be equal tothe distane r2 of the seond eletron from the seondCoulomb enter, r1 = r2:We take the total energy of this lassial system (whihis onserved in the ourse of evolution) to beU(r1; r2; R) = �e2r1 � e2r2 � e2jr1 +Rj �� e2jr2 �Rj + e2R + e2jr1 � r2j = �2J; (2)where J is the ionization potential of eah atom.Throughout the paper, we use atomi units,e2 = ~ = me = 1;and let J = 2=2 denote the ionization potential inthe atomi units; therefore, n = 1= is the prinipalquantum number of the eletron if it is an integer.With the initial onditions in (2), we study the evo-lution of this system at �xed nulei by solving the New-ton equations for eletrons,d2r1dt2 = ��U(r1; r2; R)�r1 ;d2r2dt2 = ��U(r1; r2; R)�r2 : (3)In the ourse of evolution, the eletrons move in the�elds of ores and interat with ores and with eahother. As a result of energy exhange, one eletron anbe released, and then Penning proess (1) develops. Weassume that this proess ours if the distane of oneeletron from the enter of this system exeeds 3R, i.e.,r1 +R=2 � 3Ror r2 �R=2 � 3R:The time � when this distane is attained is said to bethe lifetime of this system. We ollet the statistis forthese lifetimes. In this evaluation, we �nd the lifetimesfor a given distane R between the nulei for 875 initialonditions. Arranging the values of these lifetimes indereasing order, we �nd the survival probability P ateah time, i.e., the relative number of ases for whih� � t, as is demonstrated in Fig. 2 for R = 1:61a0=2,where a0 is the Bohr radius. The survival probabilityP (t) is approximated by the dependene exp(�t=�P ).Table 1 ontains the average lifetimes �P of the systemof two exited lassial atoms for di�erent distanes be-tween them together with the error due to this method
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Fig. 2. Histogram for the time dependene of the sur-vival probability for a system of two Rydberg atoms
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Fig. 3. The autoionization level width for a system oftwo Rydberg atoms as a funtion of the distane Rbetween them. Dots are the results of omputer sim-ulation, the urve approximates these results by thedependene �(R) = 0:18 exp�1:81R2of �nding the result. We note that the error inreasesas the distane between the nulei dereases beause ofan inrease in the relative time for an eletron to reahthe distane 3R when it is assumed to be free. Figure 3shows that the dependene of the autoionization levelwidth �(R) = 1�P (R)is approximated by an exponential.On the basis of these lifetimes �P for a system oftwo Rydberg atoms or the widths of the autoionizationlevel � = 1=�P for this system, we �nd the ross se-tion of a ollision of two Rydberg atoms that leads totheir deay. Assuming the trajetory of their ollision662



ÆÝÒÔ, òîì 130, âûï. 4 (10), 2006 Proesses of deay of Rydberg plasmaTable 1. The lifetime of an autoionization state oftwo interating Rydberg atoms depending on the dis-tane between themR2 0.25 0.50 0.75 1.00 1.25 1.50 1.61�3 6.1 8.7 15 37 77 120 430to be a straight line, we express the probability of thisproess asW (�) = 1� exp24� 1Z�1 �(R) RdRvpR2 � �235 ;where � is the impat parameter of the ollision, v isthe ollision veloity, and R is the urrent distane be-tween the nulei. From this, we �nd the ross setionof the Penning proess involving two Rydberg atoms as�P = 1Z0 W (�)2�� d�:We onsider the ase of a sharp dependene �(R). Theabove ross setion is then given by [5℄�P = ��20; �(�0)v r�� = e�C ; (4)where C = 0:576 is the Euler onstant and� = d ln �(R)=dR2 at R = �0:Figure 4 gives the dependene of the ross setion ofthis proess on the ollision veloity.We also �nd the rate onstant of the Penning pro-ess involving two Rydberg atoms askP = *s2E� �P+ ;where E is the relative energy and � = m=2 is the re-dued mass of olliding atoms, with m being the massof an individual atom, and brakets denote the aver-age over the atom veloities. Assuming the Maxwelldistribution of atoms over veloities and taking a weakdependene of the ross setion �P on the ollision ve-loity into aount, we an represent this rate onstantas kP =r16T�m �P (vP ); vP = 2:24r2Tm ; (5)where T is the temperature of a Rydberg gas expressedin energy units. In partiular, for the experimental on-ditions in [4℄, the rate onstant of the Penning proess iskP = 2:9 � 10�4 m3=s:
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4Fig. 4. The ross setion of the Penning proess involv-ing two Rydberg atoms versus the ollision veloity3. SPECTRUM OF RELASED ELECTRONS INPENNING PROCESSFree eletrons resulting from Penning proess (1)are important for the subsequent kinetis of the en-semble of Rydberg atoms in a Rydberg plasma. Hene,along with the width of the autoionization level for twointerating Rydberg atoms in the Penning proess andthe ross setion of this proess, the spetrum of re-leased eletrons in�uenes the subsequent evolution ofthe Rydberg plasma. We therefore analyze the spe-trum of released eletrons for a �xed distane betweentwo interating Rydberg atoms.Beause of the nature of this proess, the distri-bution funtion f(") of released eletrons an be ex-peted to be a monotoni funtion of the eletron en-ergy ". Figure 5 gives histograms for spetra of releasedeletrons for di�erent �xed distanes between Rydbergatoms. Approximating these spetra by a simple de-pendene f0(") � !e��";where ! is a normalization onstant. We give the valuesof the parameters � and ! at some distane betweenRydberg atoms in Table 2. In addition, we determinethe auray of the above approximation for the statis-tis used from the orrelation funtion� = 1Z0 [f(")� f0(")℄2 d"1Z0 f2(") d" :663
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Fig. 5. Spetrum of released eletrons at the distanes R = 1:00=2 (a) and 1:61=2 (b) between Rydberg atomsTable 2. Parameters of the spetrum of releasedeletrons as a result of the deay of an autoionizationstate of two interating Rydberg atoms depending onthe distane between themR2 0.25 0.50 0.75 1.00 1.25 1.50 1.61�2=2 0.57 0.73 0.70 0.60 0.50 0.71 0.62�, % 1.70 0.12 4.50 1.30 4.00 3.90 3.204. COLLISIONS OF ELECTRONS ANDRYDBERG ATOMSWhen free eletrons are formed in a Rydberg gas,they interat with Rydberg atoms e�etively. Colli-sions between eletrons and Rydberg atoms lead to ion-ization of Rydberg atoms or partial quenhing of theirexitation. Therefore, ollisions involving eletrons andRydberg atoms may be important for kinetis of thedeay of a Rydberg gas.In analyzing these proesses, we use the Thomsonformula for the ionization ross setion [6℄, whih allowsexpressing the rate onstant askion = +1ZJ f(") d"r 2"me �e4" � 1J � 1"� = Ckmax;kmax = vmax�max = 2p2�e43p3m1=2e J3=2 ; (6)where J is the ionization potential of the Rydbergatom, " is the eletron energy, me is the eletron mass,f(") = !e��"

is the distribution funtion of the released eletronsover energies, and the values vmax and �max orrespondto the ollision energy " = 3J at whih kion reahes themaximum. In evaluating the fator C in formula (6),we take the eletron distribution funtion f(") at thedistane R = 1:61=2 between Rydberg atoms, whihmakes the main ontribution to ross setion (4) of thePenning proess. This gives C � 0:04. We note thatthe auray of the Thomson formula is restrited, andwe also assume that eletrons do not thermalize whenthey ionize the Rydberg atom.Returning to the onditions of the experiment in [4℄,we use formula (6) to �nd the ionization rate onstantof a Rydberg atom by eletron impat askion = 2:5 � 10�3 m3=s: (7)Evidently, this rate onstant for ionization of Rydbergatoms by free eletrons exeeds the rate onstant of thePenning proess,kP = 2:9 � 10�4 m3=s:But if eletrons are magnetized, we obtain an oppo-site relation between the rate onstants of the eletronimpat and Penning proess.5. KINETICS OF THE RYDBERG PLASMADECAYWe now analyze the evolution of a Rydberg plasmaon the basis of the above rate onstants for the pro-esses in this system. Using proesses (1), we have thefollowing balane equations for the number densities ofexited atoms N� and eletrons Ne:664



ÆÝÒÔ, òîì 130, âûï. 4 (10), 2006 Proesses of deay of Rydberg plasmadN�dt = �kPN2� � kionNeN�;dNedt = kPN2� + kionNeN�: (8)If N0 is the initial density of atoms, the number den-sity of eletrons formed at the end of the deay of theRydberg gas is also N0, andN� +Ne = N0in the ourse of evolution. From this, for the numberdensity of exited atoms, we havedN�dt = �(kP � kion)N2� � kionN0N�: (9)We note that in ollisions with eletrons, a hange ofan exited atom ours. Assuming that a signi�anthange of the atom exitation ours at the last stageof the deay when ionization of exited atoms proeedsvery rapidly, we ignore this hange.The energy of the eletron subsystem is onservedin the ourse of evolution of a Rydberg gas. At the be-ginning, this energy is related to atom exitations. Inthe end of the evolution of the Rydberg gas, when thethermodynami equilibrium is established, this energyis found in free eletrons, and therefore the numberdensity of eletrons Ne and atoms Na in the groundstate at the end is determined by the Saha formulaN2eNa = K(Te); (10a)�J0 + 32Te�Ne = N0(J0 � J); (10b)where Te is the eletron temperature in thermody-nami equilibrium, J is the ionization potential of aRydberg atom, J0 is the ionization potential of anatom in the ground state, and K(Te) is the equilib-rium onstant for the Saha distribution. We note thatin the thermodynami equilibrium in an ideal plasma,whih we onsider here, the number density of exitedatoms an be negleted in omparison with the totalnumber density of eletrons and atoms in the groundstate [6; 7℄. Beause J0 � J , we have Te � J0, andheneK(Te)� N0. From this, it follows thatNe � N0,whih allows us to transform expressions (10a) and(10b) to the form Na = K(Te)N20 ; (11a)Na = N0�"+ 32TeJ : (11b)

This on�rms the above assumption thatNe � N0; Na � N0at the end of the evolution proess for a Rydberg gas.Thus, when a gas of Rydberg atoms reahes the equi-librium, almost all the initially exited atoms beomeionized.6. ANALYSIS OF THE EXPERIMENTALRESULTS FOR THE DECAY OF ANENSEMBLE OF RYDBERG ATOMSWe use the above expressions for the analysis of theexperimental results in [4℄, where the parameters aren = 130 (the prinipal quantum number of a highly ex-ited state), the initial number density of exited atomsis N0 = 106 m�3, the total number of exited atoms isequal to 105, and the atom temperature is T = 4K. Un-der these onditions, the rate onstants of proesses (1)follow from formulas (5) and (6) askP = 2:9 � 10�4 m3=s; kion = 2:5 � 10�3 m3=s:Below, we onsider two limit regimes of the evo-lution of an ensemble of exited atoms. In the �rstregime, when a magneti �eld is turned on, eletronsare magnetized, and therefore the seond and third pro-esses in sheme (1) are absent. We an then takekion = 0 in balane equation (9), and its solution isgiven by N� = N01 +N0kP t : (12)In Fig. 6, this dependene is ompared with the exper-imental one for a strong magneti �eld.We note that the dependene in (12) di�ers fromthe experimental one when the number density of Ry-dberg atoms dereases by several orders of magnitude.On the basis of the spetrum of �nal states of the Pen-ning proess, we an evaluate a hange in the deayrate due to quenhing proesses beause ionization ofone atom in ollisions of two Rydberg atoms is aom-panied by quenhing of the other olliding atom. Butwhen this e�et beomes essential, the deay of Ryd-berg atoms aording to the experimental results is de-termined by another hannel. We introdue this han-nel phenomenologially in balane equation (8), whihnow beomes dN�dt = �kPN2� � N�� ; (13)where the parameter � is responsible for the deay ofRydberg atoms in the seond deay stage at large times,665
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Fig. 6. Time dependenes of the number density ofRydberg atoms at the experimental parameters in [4℄aording to experimental results and theoretial analy-sis. Blak irles � experimental data, solid urves �theoretial data; the absene of a strong magneti�eld � open irles and urve 2, the presene of astrong magneti �eld � �lled irles and urve 1and experimental onditions are suh that � � 10 ms.Aording to Eq. (13), this deay proess may resultfrom radiation of Rydberg atoms, from ollisions withions, and possibly with magnetized eletrons if the de-ay produts do not partake in a subsequent deay ofRydberg atoms.We now onsider the other limit ase of deay ofRydberg atoms where the magneti �eld is absent andthe ionization of Rydberg atoms by eletron impatdominates. Then the eletron number density growthis determined by the seond balane equation, whihwe analyze taking into aount that kP � kion. We�nd that in the �rst stage, when the eletron numberdensity is small, their deay is determined by the Pen-ning proess, and in aordane with formula (12), theeletron number density is then given byNe = N20 kP t1 +N0kP t : (14)Therefore, in the ase where kP � kion, the Penningproess gives seed eletrons, and then their numberdensity grows in aordane with the seond equationin (8), dNedt = kionNeN�: (15)This equation desribes the deay of Rydberg atomsstarting from the eletron number densities

Ne � N0 kPkion :This orresponds to a sharp variation in the eletronnumber density in time, whih is given in Fig. 6 for theexperimental onditions. Although a typial time is inqualitative agreement with the experiment, the exper-imental deay urve is smoother, whih testi�es to amore ompliated proess ourring in reality.7. CONCLUSIONSThe above analysis allows one to evaluate therate onstant of the Penning proess involving twoRydberg atoms and to estimate the rate onstant ofthe ionization of Rydberg atoms by eletron impat ifthese eletrons result from the Penning proess. Weobtain a qualitative agreement for typial times ofdeay of a Rydberg plasma due to the Penning proessand ionization of highly exited atoms by eletronimpat. Comparison with experimental results showsthat along with these two proesses of the Rydbergplasma deay, additional proesses are important atthe late stage of the deay proess.This study is supported in part by the RFBR (grant� 04-03-32736). REFERENCES1. E. A. Manykin, M. I. Ozhovan, and P. P. Poluektov,Sov. Phys. Doklady 26, 974 (1981).2. E. A. Manykin, M. I. Ozhovan, and P. P. Poluektov,Zh. Eksp. Teor. Fiz. 57, 256 (1983).3. E. A. Manykin, M. I. Ozhovan, and P. P. Poluektov,Chem. Phys. Rep. 18, 1353 (2000).4. J. H. Choi, J. R. Guest, A. P. Povilus et al., Phys. Rev.Lett. 95, 243001 (2005).5. B. M. Smirnov,Negative Ions, M Graw Hill, New York(1981).6. B. M. Smirnov, Physis of Ionized Gases, Wiley, NewYork (2001).7. L. D. Landau and E. M. Lifshitz, Statistial Physis,vol. 1, Pergamon Press, Oxford (1980).666


