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PROCESSES OF DECAY OF RYDBERG PLASMAE. A. Andreev a, P. V. Kashtanov *b, B. M. Smirnov baSemenov Institute of Chemi
al Physi
s, Russian A
ademy of S
ien
es117977, Mos
ow, RussiabInstitute for High Temperatures, Russian A
ademy of S
ien
es127412, Mos
ow, RussiaRe
eived 24 May 2006The lifetime of a mole
ule 
onsisting of two Rydberg atoms with respe
t to ele
tron release is determined from
omputer simulation of two 
lassi
al ele
trons in the �eld of Coulomb 
enters. From this, the 
ross se
tion ofthe Penning pro
ess of 
ollision of two Rydberg atoms with an ele
tron release is obtained. The rate 
onstantfor ionization of Rydberg atoms is evaluated for the Rydberg plasma within the Thomson model. On the basisof these pro
esses, the kineti
s is analyzed for the de
ay of a Rydberg plasma. Comparison with experimentaldata shows that these de
ay pro
esses are responsible for the �rst stage of the de
ay of a magnetized andnonmagnetized Rydberg plasma lo
ated in a magneti
 super
ondu
ting trap, whereas other pro
esses be
omeimportant 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 ex
ited atoms in almost identi-
al states. In real experiments [4℄, these atoms are
aptured by a spe
ial trap and are lo
ated there untilthey de
ay. The de
ay of the Rydberg plasma pro
eedsa

ording to the s
heme2A� ! 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 pro
ess, the Penning pro
ess. We use 
omputersimulation for two 
lassi
al ele
trons lo
ated in the �eldof two motionless Coulomb 
enters.Knowing the lifetime of this system or the width ofits autoionization state allows analyzing the kineti
s ofthe de
ay of a Rydberg plasma. In these evaluations,we are guided by parameters of the experiment in [4℄,where ex
ited 85Rb atoms in the state with the prin
i-pal quantum number n = 130 are 
olle
ted into a super-
ondu
ting magneti
 trap of the volume V = 0:1 
m3.The number density of ex
ited atoms is N� = 106 
m�3and the atom temperature is 4 K. These parameters are*E-mail: kashtan�maryno.net

typi
al for su
h experiments. A strong magneti
 �eldof the trap, B = 2:9T , strongly a�e
ts the kineti
sof ele
trons, be
ause the Larmor ele
tron radius underthese 
onditions is small, rH = 0:08�m, and ele
tronsare magnetized. This determines the spe
ial propertiesof the Rydberg plasma kineti
s in a magneti
 trap.2. PENNING PROCESS INVOLVING TWOHIGHLY EXCITED ATOMSWe determine the parameters of the �rst pro
essin (1) on the basis of 
omputer simulation. We 
on-sider two ele
trons in the �eld of two Coulomb 
enterswith a separation R between them (see Fig. 1). As theinitial 
onditions, we take the distan
e r1 of the �rst
e2e1

+ +
R

r1 r2

Fig. 1. Positions of ele
trons and 
ores for the intera
-tion of two Rydberg atoms661
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tron from the �rst Coulomb 
enter to be equal tothe distan
e r2 of the se
ond ele
tron from the se
ondCoulomb 
enter, r1 = r2:We take the total energy of this 
lassi
al system (whi
his 
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 ea
h 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 prin
ipalquantum number of the ele
tron if it is an integer.With the initial 
onditions in (2), we study the evo-lution of this system at �xed nu
lei by solving the New-ton equations for ele
trons,d2r1dt2 = ��U(r1; r2; R)�r1 ;d2r2dt2 = ��U(r1; r2; R)�r2 : (3)In the 
ourse of evolution, the ele
trons move in the�elds of 
ores and intera
t with 
ores and with ea
hother. As a result of energy ex
hange, one ele
tron 
anbe released, and then Penning pro
ess (1) develops. Weassume that this pro
ess o

urs if the distan
e of oneele
tron from the 
enter of this system ex
eeds 3R, i.e.,r1 +R=2 � 3Ror r2 �R=2 � 3R:The time � when this distan
e is attained is said to bethe lifetime of this system. We 
olle
t the statisti
s forthese lifetimes. In this evaluation, we �nd the lifetimesfor a given distan
e R between the nu
lei for 875 initial
onditions. Arranging the values of these lifetimes inde
reasing order, we �nd the survival probability P atea
h time, i.e., the relative number of 
ases for whi
h� � 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 dependen
e exp(�t=�P ).Table 1 
ontains the average lifetimes �P of the systemof two ex
ited 
lassi
al atoms for di�erent distan
es be-tween them together with the error due to this method
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Fig. 2. Histogram for the time dependen
e 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 fun
tion of the distan
e Rbetween them. Dots are the results of 
omputer sim-ulation, the 
urve approximates these results by thedependen
e �(R) = 0:18 exp�1:81R2of �nding the result. We note that the error in
reasesas the distan
e between the nu
lei de
reases be
ause ofan in
rease in the relative time for an ele
tron to rea
hthe distan
e 3R when it is assumed to be free. Figure 3shows that the dependen
e 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 de
ay. Assuming the traje
tory of their 
ollision662
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esses of de
ay of Rydberg plasmaTable 1. The lifetime of an autoionization state oftwo intera
ting Rydberg atoms depending on the dis-tan
e between themR
2 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 thispro
ess asW (�) = 1� exp24� 1Z�1 �(R) RdRvpR2 � �235 ;where � is the impa
t parameter of the 
ollision, v isthe 
ollision velo
ity, and R is the 
urrent distan
e be-tween the nu
lei. From this, we �nd the 
ross se
tionof the Penning pro
ess involving two Rydberg atoms as�P = 1Z0 W (�)2�� d�:We 
onsider the 
ase of a sharp dependen
e �(R). Theabove 
ross se
tion 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 dependen
e of the 
ross se
tion ofthis pro
ess on the 
ollision velo
ity.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-du
ed mass of 
olliding atoms, with m being the massof an individual atom, and bra
kets denote the aver-age over the atom velo
ities. Assuming the Maxwelldistribution of atoms over velo
ities and taking a weakdependen
e of the 
ross se
tion �P on the 
ollision ve-lo
ity into a

ount, 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 parti
ular, for the experimental 
on-ditions in [4℄, the rate 
onstant of the Penning pro
ess iskP = 2:9 � 10�4 
m3=s:

2 · 10
3

4 · 10
3

6 · 10
3

8 · 10
3Collision velo
ity, 
m/s5 · 10

−8

6 · 10
−8

7 · 10
−8

8 · 10
−8

9 · 10
−8

σP , 
m2

1 · 10
−7

1 · 10
4Fig. 4. The 
ross se
tion of the Penning pro
ess involv-ing two Rydberg atoms versus the 
ollision velo
ity3. SPECTRUM OF RELASED ELECTRONS INPENNING PROCESSFree ele
trons resulting from Penning pro
ess (1)are important for the subsequent kineti
s of the en-semble of Rydberg atoms in a Rydberg plasma. Hen
e,along with the width of the autoionization level for twointera
ting Rydberg atoms in the Penning pro
ess andthe 
ross se
tion of this pro
ess, the spe
trum of re-leased ele
trons in�uen
es the subsequent evolution ofthe Rydberg plasma. We therefore analyze the spe
-trum of released ele
trons for a �xed distan
e betweentwo intera
ting Rydberg atoms.Be
ause of the nature of this pro
ess, the distri-bution fun
tion f(") of released ele
trons 
an be ex-pe
ted to be a monotoni
 fun
tion of the ele
tron en-ergy ". Figure 5 gives histograms for spe
tra of releasedele
trons for di�erent �xed distan
es between Rydbergatoms. Approximating these spe
tra by a simple de-penden
e f0(") � !e��";where ! is a normalization 
onstant. We give the valuesof the parameters � and ! at some distan
e betweenRydberg atoms in Table 2. In addition, we determinethe a

ura
y of the above approximation for the statis-ti
s used from the 
orrelation fun
tion� = 1Z0 [f(")� f0(")℄2 d"1Z0 f2(") d" :663
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Fig. 5. Spe
trum of released ele
trons at the distan
es R = 1:00=
2 (a) and 1:61=
2 (b) between Rydberg atomsTable 2. Parameters of the spe
trum of releasedele
trons as a result of the de
ay of an autoionizationstate of two intera
ting Rydberg atoms depending onthe distan
e between themR
2 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 ele
trons are formed in a Rydberg gas,they intera
t with Rydberg atoms e�e
tively. Colli-sions between ele
trons and Rydberg atoms lead to ion-ization of Rydberg atoms or partial quen
hing of theirex
itation. Therefore, 
ollisions involving ele
trons andRydberg atoms may be important for kineti
s of thede
ay of a Rydberg gas.In analyzing these pro
esses, we use the Thomsonformula for the ionization 
ross se
tion [6℄, whi
h 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 ele
tron energy, me is the ele
tron mass,f(") = !e��"

is the distribution fun
tion of the released ele
tronsover energies, and the values vmax and �max 
orrespondto the 
ollision energy " = 3J at whi
h kion rea
hes themaximum. In evaluating the fa
tor C in formula (6),we take the ele
tron distribution fun
tion f(") at thedistan
e R = 1:61=
2 between Rydberg atoms, whi
hmakes the main 
ontribution to 
ross se
tion (4) of thePenning pro
ess. This gives C � 0:04. We note thatthe a

ura
y of the Thomson formula is restri
ted, andwe also assume that ele
trons 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 ele
tron impa
t askion = 2:5 � 10�3 
m3=s: (7)Evidently, this rate 
onstant for ionization of Rydbergatoms by free ele
trons ex
eeds the rate 
onstant of thePenning pro
ess,kP = 2:9 � 10�4 
m3=s:But if ele
trons are magnetized, we obtain an oppo-site relation between the rate 
onstants of the ele
tronimpa
t and Penning pro
ess.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 pro
esses (1), we have thefollowing balan
e equations for the number densities ofex
ited atoms N� and ele
trons Ne:664
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esses of de
ay of Rydberg plasmadN�dt = �kPN2� � kionNeN�;dNedt = kPN2� + kionNeN�: (8)If N0 is the initial density of atoms, the number den-sity of ele
trons formed at the end of the de
ay of theRydberg gas is also N0, andN� +Ne = N0in the 
ourse of evolution. From this, for the numberdensity of ex
ited atoms, we havedN�dt = �(kP � kion)N2� � kionN0N�: (9)We note that in 
ollisions with ele
trons, a 
hange ofan ex
ited atom o

urs. Assuming that a signi�
ant
hange of the atom ex
itation o

urs at the last stageof the de
ay when ionization of ex
ited atoms pro
eedsvery rapidly, we ignore this 
hange.The energy of the ele
tron subsystem is 
onservedin the 
ourse of evolution of a Rydberg gas. At the be-ginning, this energy is related to atom ex
itations. Inthe end of the evolution of the Rydberg gas, when thethermodynami
 equilibrium is established, this energyis found in free ele
trons, and therefore the numberdensity of ele
trons 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 ele
tron 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,whi
h we 
onsider here, the number density of ex
itedatoms 
an be negle
ted in 
omparison with the totalnumber density of ele
trons and atoms in the groundstate [6; 7℄. Be
ause J0 � J , we have Te � J0, andhen
eK(Te)� N0. From this, it follows thatNe � N0,whi
h 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 pro
ess for a Rydberg gas.Thus, when a gas of Rydberg atoms rea
hes the equi-librium, almost all the initially ex
ited atoms be
omeionized.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 prin
ipal quantum number of a highly ex-
ited state), the initial number density of ex
ited atomsis N0 = 106 
m�3, the total number of ex
ited atoms isequal to 105, and the atom temperature is T = 4K. Un-der these 
onditions, the rate 
onstants of pro
esses (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 ex
ited atoms. In the �rstregime, when a magneti
 �eld is turned on, ele
tronsare magnetized, and therefore the se
ond and third pro-
esses in s
heme (1) are absent. We 
an then takekion = 0 in balan
e equation (9), and its solution isgiven by N� = N01 +N0kP t : (12)In Fig. 6, this dependen
e is 
ompared with the exper-imental one for a strong magneti
 �eld.We note that the dependen
e in (12) di�ers fromthe experimental one when the number density of Ry-dberg atoms de
reases by several orders of magnitude.On the basis of the spe
trum of �nal states of the Pen-ning pro
ess, we 
an evaluate a 
hange in the de
ayrate due to quen
hing pro
esses be
ause ionization ofone atom in 
ollisions of two Rydberg atoms is a

om-panied by quen
hing of the other 
olliding atom. Butwhen this e�e
t be
omes essential, the de
ay of Ryd-berg atoms a

ording to the experimental results is de-termined by another 
hannel. We introdu
e this 
han-nel phenomenologi
ally in balan
e equation (8), whi
hnow be
omes dN�dt = �kPN2� � N�� ; (13)where the parameter � is responsible for the de
ay ofRydberg atoms in the se
ond de
ay stage at large times,665
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Fig. 6. Time dependen
es of the number density ofRydberg atoms at the experimental parameters in [4℄a

ording to experimental results and theoreti
al analy-sis. Bla
k 
ir
les � experimental data, solid 
urves �theoreti
al data; the absen
e of a strong magneti
�eld � open 
ir
les and 
urve 2, the presen
e of astrong magneti
 �eld � �lled 
ir
les and 
urve 1and experimental 
onditions are su
h that � � 10 ms.A

ording to Eq. (13), this de
ay pro
ess may resultfrom radiation of Rydberg atoms, from 
ollisions withions, and possibly with magnetized ele
trons if the de-
ay produ
ts do not partake in a subsequent de
ay ofRydberg atoms.We now 
onsider the other limit 
ase of de
ay ofRydberg atoms where the magneti
 �eld is absent andthe ionization of Rydberg atoms by ele
tron impa
tdominates. Then the ele
tron number density growthis determined by the se
ond balan
e equation, whi
hwe analyze taking into a

ount that kP � kion. We�nd that in the �rst stage, when the ele
tron numberdensity is small, their de
ay is determined by the Pen-ning pro
ess, and in a

ordan
e with formula (12), theele
tron number density is then given byNe = N20 kP t1 +N0kP t : (14)Therefore, in the 
ase where kP � kion, the Penningpro
ess gives seed ele
trons, and then their numberdensity grows in a

ordan
e with the se
ond equationin (8), dNedt = kionNeN�: (15)This equation des
ribes the de
ay of Rydberg atomsstarting from the ele
tron number densities

Ne � N0 kPkion :This 
orresponds to a sharp variation in the ele
tronnumber density in time, whi
h is given in Fig. 6 for theexperimental 
onditions. Although a typi
al time is inqualitative agreement with the experiment, the exper-imental de
ay 
urve is smoother, whi
h testi�es to amore 
ompli
ated pro
ess o

urring in reality.7. CONCLUSIONSThe above analysis allows one to evaluate therate 
onstant of the Penning pro
ess involving twoRydberg atoms and to estimate the rate 
onstant ofthe ionization of Rydberg atoms by ele
tron impa
t ifthese ele
trons result from the Penning pro
ess. Weobtain a qualitative agreement for typi
al times ofde
ay of a Rydberg plasma due to the Penning pro
essand ionization of highly ex
ited atoms by ele
tronimpa
t. Comparison with experimental results showsthat along with these two pro
esses of the Rydbergplasma de
ay, additional pro
esses are important atthe late stage of the de
ay pro
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